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More tlian lOO j.;enera and approximately 1,200 species of 
termites are known; and each species is usually composed of 
five castes, with male anti female indi\*itluals in each. Three 
of these castes, commonly referred to now as first, second, and 
third forms, are responsible for the reproduction of other indi¬ 
viduals like themseKes and for two other castes, uvrkcrs aiul 
soldiers, which, .dthouj^h they jiossos reproductive organs, ha\'c 
given up the reproducii\e function (if they ever possessed it). 

Nearh' all the ol)ser\'atlons and experiments in the present 
paper ha\ e been carried out on one of the most common North 
American termites, Reticulitermes jhivipes Kollar, whose castes 
('riiompson aiul Synder, '20) may be brielh' described as follows: 

(1) First form, which has three well-defmeil phases of de\'elop- 
ment: (u) the nymphs (I'igs. i, 2), will) long wing pads, creamy 
white body 1.4 mm. long, light brown eyes; {b) the winged 
adults, with long wings, dark brown body 6 mm. long, and black 
eyes; (r) the older males and females (I'ig. 3), with enlarged 
abdomens and the scales of the shed wings, body 7-14 mm. long. 

(2) Second form, which, like the first form, has three well- 
defined phases of de\'elopment: (a) nymphs (Figs. 4, 5), with 
short wing pads and colorless bodx' and eyes; (b) the young 
adults, with short scah wing ^ estiges, straw-colored or grayish 
body 6-7 mm. long; (r) the older adults (Fig. 6), with wing 
vestiges, enlarged abdomen, body length 7 12 mm. 

* Fellow (in tlie Biological Sciences) of the National Research Council, working 
at the Department of Medical Zoology, School of Hygiene and Public Health, 
Johns Hopkins University, Baltimore. Maryland. 
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(3) Third form, which also has three developmental phases: 
(a) the nymphs, wingless, with white head and body, and eyes 
that are invisible in the living or unstained specimen; (b) the 
young adults, no wing vestiges, head and body white, 7-9 mm. 
long. 

(4) The worker (Fig. 7), wingless, with grayish abdomen, only 
two developmental phases, i.e., nymphs and adults, salivary 
glands small and very little fatty tissue is present in the body, 
blind. 

(5) The soldier (Figs. 8, 9), wingless, with elongated head 
covered with thick yellowish chitin, mandibles very large, long, 
dark brown, slender and curved, abdomen shorter than in other 
castes and more flattened, nymphs and adults only, no post adult 
growth as in reproductive castes. 

Thompson (’17) showed that the newly hatched nymphs of 
ReticnlHermes flavipes, i.i mm. long, although e.\ternally all 
alike, could be differentiated by their internal structures into 
two distinct types, namely, (a) reproductive nymphs, from which 
the three fertile adult castes develop, and {b) the worker-soldier 
nymphs, from which the sterile adult castes develop. the 
time reproductive nymphs had attained a body length of 1.3- 
1.4 mm. they could be differentiated by their internal characters 
into nymphs of the first form and nymphs of the second form, 
which developed, finally, into the two respective reproductive 
adult castes. Soldier and worker nymphs could be difl'erentiated 
internally by the time they had attained a body length of 3.75 
mm. Nymphs of the third form could not be dilTerentiated 
until a body length of 4 mm. was attained. 

These fiv^e castes occur in most termites. Known exceptions 
are: the third form occurs in few, if any, species of the family 
Termitidae; a true worker caste is not present in the genera 
Termopsis Heer and Neotermes Holmgren, but a large-headed 
worker-like reproductive form is present; two genera, Kalotermes 
Hagen and Cryplotermes Banks, have no worker caste; the genus 
Anoploter^nes F. Muller has no soldier caste; some species have 
as many as three types of soldiers, which, if counted as castes, 
make these species ha\ e seven castes, jirovided the five described 
ai)0\'e are all present. 

Grassi (’93) calls the first forms “true” or “perfect” insects, 
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or “royal forms.” The second and third forms he calls “sub¬ 
stitute” and “complemental ” forms, which forms, he thinks, 
are always ready to take the place of the royal forms in case of 
need. This author believes the castes are a product of environ¬ 
ment and special feeding; what environment and special feeding* 
he does not consider. Bugnion (’12, ’13) and Imms (’19) believe 
the castes are a product of the germplasm. The field observa¬ 
tions that have been made (Snyder, ’15, ’16) support this con¬ 
tention. So do the morphological studies of Thompson (’17). 
But we really knoiv absolutely nothing about what produces the 
castes. The (jiiestion is badly in need of stiid\*. Jucci (’20), ‘ 
who recently announced the discovery of a particular diet which 
brings about caste jiroduction, has added nothing but confusion, 
subllely clothed in high-sounding phraseology, to the origin of 
a most interesting phenomenon. 

I'rom the description that was gi\en of the castes, it nia>* be 
clearly seen that ver\' great morphological dilTerences exist within 
a termite species, /.c., the castes are ciuile distinct. It also 
seems likely that jihysiologically the castes are equally distinct. 

The writer (’236, ’24a, ’25^) has definitely shown that the 
remo^*al of the intestinal proto/oa from at least two genera of 
termites (Rctic ulitermrs and Termopsis) makes it impossible for 
them to live on their normal diet of wood. He (’23a) has also 
shown that if termites harbor proto/oa, they must feed on wood 
or cellulose. In the present [laper a study of the various castes 
has been made in order to determine whether or not what is true 
for termites in general is also true for each caste throughout its 
life-cycle. In addition to this, some data on the jihysiological 
differentiation of castes and the relation of the castes to each 
other have been obtained. 

Bxi’EKlMI-NTS AND OBSERVATIONS. 

Forty to fifty colonies of Reticulitermes flavipes were collected 
and have been kept for the past three years in the laboratory 
where they have been carefully observed. More than 300 second 

^ After this paper had gone to press a voluminous monograph by Jucci appeared, 
in which much attention is given to considerations of minor importance. A good 
beginning has been made, but the problem of the origin of termite castes has not 
been solved. 
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and third form young adults and 150 soldiers have been isolated 
from these colonies and have been used in experiments. And 
several hundred have been kept for observations. Thousands 
of workers and first forms liave figured in experiments and 
observations. 

One experiment, which was later duplicated five times with 
the same result each time, was carried out as follows: Five 
individuals of each of the five castes, workers, soldiers, third 
forms, second forms, and first forms, were placed in each of 
five large size sputum jars with food. These jars were kept in 
a moist chamber, so that the moisture, as well as temperature 
and light, would be identical in all the experiments. Experience 
has also shown that this is the best way to keep a colony of 
termites normal in the laboratory. Another experiment, which 
was duplicated three times with the same result each time, was 
carried out in the same manner as the experiment just mentioned 
except that the termites were kept in screw-top jars which were 
not placed in a moist chamber. In both of these experiments 
the second forms, the third forms, and the soldiers were all dead, 
in everx^ instance, within three to four weeks, while the first 
forms and workers were able to live indefinitely. 

Many observations were made daily throughout the course of 
these experiments and no castes except the workers and first 
forms were ever seen to take food. At \^arious intervals several 
individuals were killed and their intestinal contents were care¬ 
fully examined microscopically, with the result that no wood 
particles were ever present except in the workers, first forms, 
and soldiers—just how the soldiers came to have wood particles 
in their intestines and yet were not able to live will be made 
clear later. It seems quite evident, indeed, then, that the young 
second and third form adults do not feed on wood; that the}' get 
their nourishment perhaps in the form of salivary secretiojis 
from the xylophagous members of the colony. 

Why do some castes die when placed by themselves? Is it 
because they do not take food? To test this point further, 
twenty experiments were carried out, ten where one worker was 
jilaced in a vial with two second form individuals and ten where 
one worker was placed in a \’ial with two soldiers. Under this 
condition, the second forms and soldiers were al^le to live in- 
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definitely. Thus one worker can at least support itself and two 
soldiers or two second forms. How much more a worker can do, 
was not determined. 

Why do the second and third form young: adults not take 
food when placed by themsehes? A very large number of 
individuals of the second and third form castes were examined 
carefully for protozoa and in no instance were protozoa fotmd 
after the final molt. In this connection it is interesting to note 
that e\'er>' time any indi\ idual of any cast molts, its intestinal 
j)rotozoa are lost, but in all molts, except the last one of the second 
and third forms, the protozoa are regained \’ery cjuickly. Some¬ 
times— though \'ery rarely indeed—as the intestine slips o(T dur¬ 
ing the molting proce>s, a portion of it is eaten before the protozoa 
<lie; but, as a rule, if an individual at the time of molting is 
placed to itself, it does not regain its intestinal |:>rotozoa and, 
as a conse(|iience, dies within three weeks or thereabouts. But 
the first form regains its intestinal protozoa after the final molt. 
Why is it able to do this, while the second and third forms 
cannot? C)b\ iousl\-, one reason win* the second and third forms 
cannot lise by them^el\e> after the final moll is because the\* 
have lost their protozoa. But this does not explain why they 
do not take food, for workers continue to feed after the protozoa 
ha\e been remo\ed from them e\[)erimentall>'. 

Why and how are the protozoa lost.** In an effort to throw 
light on this (jiiesiion, the second form was studied during the 
short [)eriod just before the final molt in which it can be distin¬ 
guished externally from the first form. It was found that the 
protozoa gradualh* disappear during this period and that few, 
if any, are present at the time of the final molt. It must be 
noticed that there is also a dimunition in the protozoa in the 
first form during the period preceding the final molt, but not so 
great as in the second form, and the protozoa never disappear 
entirely. This progressi\ e disaj)|)earance of the protozoa of the 
reproductive castes at this time is perhaps brought about by 
one or both of two things: namely, the salivary secretion which 
is taken during this period of rapid change and development 
destroys the protozoa and, as a consequence, wood-feeding must 
be gi\'en tip; or, so much salivary* secretion is taken that wood¬ 
feeding is thus made unnecessary and is, therefore, gi\*en up, 
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in which case the protozoa die due to wood starvation, just as 
happens experimentally (Cleveland, ’256) when any normal wood¬ 
feeding termite containing a large number of protozoa is starved. 
In all three reproductive castes it is quite evident that much less 
wood is eaten at this time; but in the first form the wood diet 
is not entirely given up; it may be curbed greatly, though never 
supplanted, by the salivary diet. It is interesting in this connec¬ 
tion to note that the first forms eat much more wood shortly 
after the final molt and, because of this, the protozoa increase 
rapidly in number. They certainly receive no salivarx^ secretion 
from workers for sometime if they leave (swarm) the parent 
colony to start a new colony, and nearly every one, if not every 
one, leaves or is killed. Their only food is wood until they rear 
workers to furnish them salivary secretions again, and when 
this is done, they again progressively cease to eat wood, finally 
giving up the habit entirely, at which time they lose all their 
protozoa and become dependent on the xylophagous members of 
the colony for the rest of their lives. It is interesting here to 
note that instinctively this dependence, which is perhaps in¬ 
evitable, is well taken care of or looked forward to, because 
mostly workers are reared in the first brood of such a reproductive 
pair. But would they become dependent if not allowed to rear 
workers, that is if the larvae were killed or taken from them? 

We have already said that one reason why the second and third 
form young adults die when placed by themselves is because they 
lose their protozoa, and the protozoa are lost because these 
forms do not feed on wood, the second and perhaps more funda¬ 
mental reason why death results when such indi\iduals are 
isolated. But why do they not eat wood? According to Thomp¬ 
son and Snyder (’20) the jaw muscles and many others, particu¬ 
larly those in the head, of the first form degenerate during the 
post-adult stage. “This degeneration of the jaw muscles,” they 
state, “is due to the fact that the reproductive forms are now 
fed by the workers on partly digested food and no longer masti¬ 
cate wood as they were compelled to do before the first broods 
of workers were raised.” These authors also observed that the 
jaw muscles in the second and third forms in the post-adult 
stage had degenerated, though they did not state when the 
degeneration occurred. If, in the first forms, it occurs, as they 
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State, when workers supply them with “partly digested food,” 
thus making the eating of wood unnecessary, may we not reason¬ 
ably assume that in the second and third forms it also occurs when 
partly digested food is supplied them by workers and wood¬ 
feeding is permanently given up, that is at the time of the final 
molt or thereabouts, considerably earlier than in the first forms. 
If this is true, we know why the second and third form young 
adults when cxperimently placed by themselves do not eat wood 
and die; their jaw muscles ha^'e degenerated, thus making it 
impossible for them to eat wood, and they can only survive when 
fed by workers. 

Hut what causes the jaw muscles to degenerate? Thomson 
and Snyder (’20) think it is due to disuse, brought about when 
tile salivar\- diet takes the jilace of the wood diet. If this is 
true, then, the second and third forms must get more sali\'ar>' 
secretion or partly digested food than the first form, since the>' 
lose the ability U) eat wood and, of course, their protozoa that 
digest the wood for them, much earlier in life, at least two years 
earlier. If it is true that salivar>’ secretion brings about a 
ilegeneralion of the jaw muscles, why are the reproducli\e forms 
fell a sali\ary diet? C'eriainh not to make the jaw muscles 
degenerate, for this is surely onI\' a c<jnse(|uence of some deejier, 
underlying reason for feeding a sali\ ary diet to the reproductix e 
forms. In other words, if the jaw muscles do not degenerate 
except through disuse, the stilixary secretion is perhajis a neces¬ 
sity and ma\' |)Iay a \‘ital part either in accelerating or changing 
the course of de\elopment. On the other hand, if the jaw' 
muscles degenerate in the absence of a sali\'arx* diet, that is not 
because of disuse, it may be that the function of such a diet is 
simph' to lake the place of a wood diet which becomes im¬ 
possible. If this is true, the ijuestion, why do the jaw* muscles 
degenerate, is perhajis as \ ilal as caste production itself, which, 
if a result of food, would jierhaps be stopped, or at least held in 
abeyance to some extent, if intlividuals were isolated veiw* early. 
A few' attenijns have been made to get second forms early in 
the gradual decline of wood-feeding, which occurs simultaneously 
with a progressive dimunition in the number of protozoa. It 
was found that such second form individuals when isolated early 
can live by themselves longer than if allowed to remain with 
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workers for a while and isolated at a later stage of development, 
thus showing that at the time of the earliest isolation they had 
already begun to gradually lose the ability to maintain them¬ 
selves and that they lose it more quickly when they remain 
with workers who fed them. Thus the decline in wood-feeding 
occurs anyway regardless of the time of the isolation, although 
more slowly seemingly when workers are not present. However, 
this experiment does not mean much, for long before the external 
differentiation has occurred which makes the distinction between 
the second and first form possible, several quite noticeably 
distinct internal microscopic differentiations had already oc¬ 
curred, thus showing that the differentiation cause had its origin 
much earlier and had been operating for sometime before the 
attempt to arrest it was made. Perhaps the workers could 
distinguish them and had been feeding them. To settle the 
question in this way, one should begin the isolation at an earlier 
stage. But these microscopic differences just referred to are 
only distinguishable in Retieulitermes after fixation and staining. 
Possibly in other genera the task will be less difficult, and we 
may be able to determine definitely what effect, if any, a salivary 
diet has on caste production, whether the decline in wood-feeding 
is caused by the salivary diet or whether the salivary diet has 
to be substituted for the wood diet after the jaw muscles have 
degenerated. 

Since the second and third form young adults cannot live by 
themselves, it, of course, follows that they cannot start new 
colonies in the absence of workers. Ineidently, the fact that 
they do not harbor protozoa shows beyond question, regardless 
of the fact that they cannot eat wood, that they never start new 
colonies in the absence of workers. This would be true just the 
same even if the protozoa were not absoluteh' necessar\' to their 
existence, because if new colonies were started by second and 
tiiird forms, these colonies would not have protozoa in any of 
their castes. No such colonies have e\'er been found; conse- 
(juently workers must be present when these forms head a coloinx 

It should be mentioned here that in the genus Termopsis, which 
has no true worker caste, it a|)pears from the observations that 
ha\e been made that the ability to eat wood is not lost in the 
second and third forms. But the observations on tliis genus are 
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really too few to warrant a conclusion further than that these 
forms certainly do not lose their protozoa and the ability to eat 
wood as early as they do in ReticuUtermes, which has workers. 
If the degeneration of the jaw muscles occurs in the reprodticii\'e 
forms when and because workers supply them with a sali\'ar\' 
or partly digested diet, we should not expect to find degenerate 
jaw muscles and enlarged dependent reproductive forms in those 
genera where workers are not present, unless, of course, the 
young nymphs play the same role that workers do in other 
genera. 

We will now return to the soldier caste and take up the 
(jnestion, why are adult soldiers unable to live by themselves? 
Simi)ly because their very large and heavily chitinized mandibles 
(Fig. 9) will not permit them to eat wood. They, too, like the 
second and third forms, lose the ability to eat wood but from 
a growth process rather tlian one of degeneration. Before their 
mandibles grew so large, the\' could eat wood and could li\'c In' 
themselves. Could these mandibles be altered by a change in 
diet.'' Did a diet pnKluce them? \\‘e cannot answer either 
(jiiestion. 

.Soldiers can digest wood, bjr the\' ha\ e protozoa in their in¬ 
testines to do it for them, but are unable to eat it. 'Fhc)' lose 
the ability' to eat wood ^sithout losing their protozoa, for they 
get protozoa, just as all other castes ilo, \er>' carK' in life from 
the ani of the \>'lophagous members of the colony. As we ha\'e 
said, owing to their \ er\ enormous and highly specialized man¬ 
dibles (I'ig. 9), the\ cannot chew wood, but they manage to 
ingest jiroctodael wcxxl particles partially digested perhaps— 
which have passed through the alimentarx* canal of those members 
in the coIon\' capable of chewing wood. Their intestines are 
considerably smaller and they harbor a smaller cjuantity of 
protozoa than workers of the same size. Soldiers, then, are not 
as dependent, in one sense, on workers or permanent wood-chew¬ 
ing members of the coloiu' as the second and third forms are, for 
they do not require totally predigested food, such as the salix ary 
secretions upon which the second and third forms probably feed 
entirely after the final molt. 
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Summary. 

All results were obtained from laboratory colonies which have 
been carefully studied during the past three years. Many of 
these results have been verified by field observations. 

At every stage in the life-cycle of any caste where wood is 
eaten, protozoa are present. When wood is not eaten or ob¬ 
tained in some way, protozoa are never present. 

Second and third form young adults have lost the ability to 
eat wood. The protozoa in these castes disappear concomitantly 
with the loss of the ability of their host to feed on wood, and 
by the time the wood-eating ability is lost, they have all dis¬ 
appeared. This occurs about the time of the final molt and is 
perhaps brought about by the feeding of salivary secretions 
which take the place of the wood diet. In all castes, the protozoa 
are lost during molting, but they are soon regained, except in the 
final molt of the second and third forms, in which forms they 
are never regained because, owing perhaps to the degeneration 
of their jaw muscles, these forms have lost the ability to eat 
wood. What causes the jaw muscles to degenerate is not defi¬ 
nitely known. It may be inherent in these castes, as much a 
part of them as anything else. If it is, then the salivar^'-feeding 
is hereby made necessary and takes the place of the wood diet 
when the jaw muscles degenerate. But a more plausible possi¬ 
bility is that these forms are fed so much salivary secretion that 
they cease to feed on wood and because of this their jaw muscles 
degenerate through disuse, and thus the ability to feed on wood 
is lost forever. 

The first form and the worker always eat wood, except in the 
post-adult stage of the life-cycle of the first form, where it, too, 
after having attained an old age loses the ability to eat wood 
and becomes dependent on the workers and young undifTer- 
entiated nymphs (when present) which it has reared. It is 
noteworthy that mostly workers are raised in the first brood. 

Adult soldiers, owing to their large mandibles, cannot eat 
wood (cannot chew it), though they obtain it, together with 
protozoa from the ani of the xylophagous members of the colony. 
Soldiers, like workers, harbor protozoa throughout their life- 
cycle. ^'oung soldiers (soldier nymphs), before they obtain the 
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large mandibles, can chew wood for themselves. So can the 
second and third forms, during early life. 

A caste which cannot eat wood, or, thinking in terms of the 
protozoa, a caste which does not harbor protozoa, cannot live 
by itself. Such individuals are dependent on the wood-eating 
members of the colony for support; consequently adults of the 
second form, third form, and soldier castes must be supported 
by other members of the colony. But the soldiers, in one sense, 
are not as difficult to support as the second and third forms, since 
they can digest for themselves the partially digested woody 
material which has passed through the alimentar\' canal of the 
xylophagous members of the colony before they recei\’e it; while 
the second and third forms, since tliey feed exclusively on the 
salivarx' secretions, must subsist entire!}' on predigested food. 
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Explanation of Plate i. 

Figs, 1-9. The Castes of RettcuUtermes Jlavipes, 

Fig. I. Nymph of first form, with long wing pads, creamy white body from 
1.3-1.4 mm. long, light brown eyes. 

Fig. 2. Side view of Fig. i. 

Fig. 3. Post adult first form queen, with enlarged abdomen, the scales of the 
shed wings, body length varies from 7*'i4 mm. This figure X 5. 

Fig. 4. Nymph of second form, with short wing pads which never develop 
into wings, colorless body and eyes. 

Fig. 5. Side view of Fig. 4. 

Fig. 6. Post adult of second form queen, with wing vestiges, enlarged abdomen, 
body length varies from 7-12 mm. This figure X 5.5. 

Note: The third form caste which for lack of space is not shown, has no wing 
vestiges, eyes cannot be seen except in stained material, is smaller having a bodj’ 
in the post adult stage of 7-9 mm. 

Fig. 7. A group of workers enlarged three times. 

Fig. 8. A group of soldiers enlarged three times. 

Fig. 9. Mandibles of adult soldier which make the eating of wood impossible. 
X 16. 

All figures (photographs) after Snyder. 
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Intkodl'C'iion. 

In a [ircA'iuiis paper (’24a) tlie writer reached the conclusion 
that \3 l0phag0us and j)rotozoa-harboring termites arc not able 
to live on their normal diet of wood after their intestinal protozoa 
arc removed from them by incubation for 24 hours at 36® C. 
They die within three to four weeks if gi\'en a wood diet. When 
the protozoa are replaced, the termites concomitantly regain 
their abilit}- to li\'e indefinitely on a diet of wood or cellulose. 
Thus, the incubation, which remo\ ed the protozoa, did not 
kill the termites per sc. Also, when termites from which the 
protozoa had been removed by incubation, were given a diet of 
fungus-digested cellulose, they were able to live indefinitely. 
Therefore, the ability to make use of cellulose (to maintain itself 
indefinitely on a wood diet an animal must be able to digest 

* Fellow (in the Biological Sciences) of the National Research Council, working 
at the Department of Medical Zodlogy, School of Hygiene and Public Health, 
Johns Hopkins University, Baltimore, Maryland. 
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cellulose) seems to reside in the protozoa of the termites rather 
than in the termites themselves. 

In the present paper the protozoa have been removed from the 
large Pacific Coast termite, Tennopsis, by two other methods, 
namely, starvation, and oxygenation, with the same results in 
each case as were obtained by incubation; the termites were not 
injured although the ability to live on wood disappeared simul¬ 
taneously with the loss of the protozoa. 

In addition to this, the relation of each species of protozoa to 
its host and to its neighbors or fellow protozoa, has been worked 
out by employing the various protozoal-removing methods sepa¬ 
rately and by combining them. Differential defaunation or the 
removal of some species of protozoa without affecting the others 
was thus attained. 

Termopsis and it.s Protozoa. 

Three species of Termopsis are known. Two of them, T. 
angiislicollis Hagen and T. nevadensis Hagen, can be distinguished 
only by an examination of their winged adults. In many of the 
colonies studied, no winged adults have appeared; consequently 
it has been impossible to determine whether all the experiments 
were carried out on one or both of these species. The winged 
adults which appeared in two colonies were T, nevadensis. Both 
species occur in the same localities in Oregon, California and 
elsewhere on the Pacific Coast and probably harbor an identical 
protozoan fauna.^ But for these reasons, it seems most feasible 
to avoid specific determinations in this paper.^ 

The protozoa of Termopsis were first described by Kofoid and 
vSwezy (’19) as follows: “ In Termopsis angusticollis four different 
species of protozoans are invariably present.” These they de¬ 
scribed as Trichonympha campanula (Fig. i), Leidyopsis sphaerica 
(iMg. 2), Trichomitus termitidis (Fig. 3), and Slrehlomastix strix 
(Fig. 4). They state that “in addition to these there are usually 
present minute forms of two, sometimes three species of flagel¬ 
lates,” which these authors did not study. These same small 
forms have been obser\'ed by the writer, but they are very small 
indeed, and few in number, and ha\’c been considered of no 
moment in the experiments that ha\’e been carried out. 

^ Later observations show tliat both species were used and that they harbor tliC 
same protozoa. 
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With two^ exceptions {Leidyopsis and Trichomitus), no special 
effort has been made to verify the morphological studies of Kofoid 
and Swezy. However, as will be seen later, the writer has had 
occasion to observ e many of these protozoa in almost pure cul¬ 
tures, which simplifies the matter of morphological details con¬ 
siderably, for unless one has really seen this overwhelming mass 
of squirming, wriggling, undulating protozoa which greet the eye 
when a termite’s intestinal content is \'iewed under the micro¬ 
scope, one cannot form any conception whatever of the immense 
difficulty envolved in attem|Ming to study in detail any of them 
except the ver\’ large and dominant genus Trichonympha. Of 
course, if one has a suitable medium in which to dilute the 
intestinal contents, these difficulties of observation are obviated 
greatly, but Kofoid and Swezy state that they did not find such 
a medium; hence it was dilTictilt for them to make out the finer 
structures of the two smaller forms, Trichomitus (?) and Strcblo- 
fuastixr 

Leidyopsis, when millions of individuals are \'iewed in a suit¬ 
able medium and unobscured by other protozoa, is not iiearK’ 
so rounded as Kofoid and Swez\' ha\e figures from stained speci¬ 
mens (h'ig. 2). 'Phis rounding up which they show is an abnor¬ 
mality of fixation. In li\ing materia! it occurs also unless the 
observation is made in a stiitable medium (Cle\eland, ’25(f). 

In the Tennopsis material most of which came from Oregon, 
though three colonies were obtained from California—which the 
writer has studied there is certainly a species of Trichomonas 
present; whether or not Trichomitus is also present it seems 
almost impc)ssible to sa>', thotigh all e\'idence indicates that it is 
not. I'or instance, in those hosts which were experimentally 
freed of Trichonympha and Leidyopsis, thus alTording a wonderful 
opi^ortunity to study Trichomonas (and Trichomitus too if 
jiresent), an opportunity which Kofoid and Swezy did not have, 
an axostyle (the distinction between Trichomonas and Tricho- 
mitiis, a genus which Swezy founded in 1915, lies chiefly if not 
entirely in the presence of an axostyle in Trichomonas and the 
absence of it in Trichomitus) can be seen instantly in 50 per cent, 
of the individuals exclusive of Streblomastix; with more sttidy 
the number of individuals in which an axostyle is visible increases 

^Streblomastix has only four flagella. See addenda. 
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to 70-80 per cent.; with still more study after fixation and 
staining the percentage of individuals in which axostyles may be 
seen increases to 85-90 per cent., though never reaching 100 
100 per cent. In other words, the number of individuals which 
at first glance would be diagnosed as Trichomitus, diminishes 
concomitantly with scrutiny of observation. Professor Kofoid 
when notified recently by letter of this finding and of the possi¬ 
bility that the species of Termopsis in California (although the 
protozoa in those colonies I examined were the same as in the 
Oregon Termopsis) might harbor Trichomitiis while in Oregon 
they harbor only Trichomonas, wrote: “We find both Tricho- 
monas and Trichomitus in the same hosts in California. We have 
regarded this Trichomonas as possibly the one described by 
Dogiel although we have not attempted to work it up.” Pro¬ 
fessor Kofoid also kindly sent me slides which show an abundance 
of Trichomonas. However, in the papers of Kofoid and Swezy 
(’19), as noted by the quotations already given, no mention of the 
presence of Trichomonas appeared. This organism in Termopsis 
does not seem to me to be the same one which Dogiel ^ described 
as Tetratrichomonas macrostoma from Rhinotermes sp. of Uganda. 
The two hosts are widely separated and belong to two families; 
Rhinotermes Hagen belongs to the Rhinotermitidae, and Termopsis 
Heer to the Kalotermitidae. The species of Trichomonas in 
Termopsis has four anterior flagella (elsewhere the statement 
was made by the writer (’24a) that it had three anterior flagella, 
but more careful examination shows clearly that some individuals 
have four anterior flagella, which is perhaps the normal number), 
axostyle and undulating membrane, which place it definitely in 
the genus Trichomonas. I, therefore, describe it (Figs. 5, 6) as 
Trichomonas termopsidis sp. nov., found certainly in Termopsis 
ncuadensis Hagen and probably in T. angusticollis Hagen. 

This is not the time nor the place for a discussion of the 
genera Trichomitus and Trichomonas. If Trichomitus is present 
—though I am inclined somewhat to doubt it—it has behaved 
the same way as Trichomonas in the starvation and oxygenation 
experiments. But, since it is not certain that Trichomitus is 
present or even exists, no mention of this genus will be made in 
these experiments. 

* Hogiel. Jour, ruse de Zodl. (Pctrograd), i. 
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Experiments and Observations. 
a. Starvation. 

Ten experiments, employing altogether approximately five 
hundred termites, were carried out as follows: The termites 
were removed from wood and carefully freed of all wood particles 
which they attempted to cling to. Then they were placed in 
large Petri dishes which were kept in moist chambers. In this 
way the amount of moisture which previous work had shown 
most desirable was con>tanlly supplied. All the way from one 
to fifty individuals were placed in a Petri dish during starvation, 
with the same results in all instances. 

When starved in thi^ manner, Termopsis begins to lose its 
large, dominant and principal wood-ingesting protozobn, Tri- 
chonympha (I'ig. i), by the end of the third clay, and by the end 
of the fourth day perhaps half the individuals of this genus 
originally present are dead, although few, if any, of the other 
genera of protozoa have died. By the end of the fifth day, some 
termites have lost all their Trichonyinpha, while others still 
retain a few slowly iuo\ing, apparently weak individuals. By 
the end of the sixth da\*, no Trichonyinpha can be found in any 
termites, and perhaps half the individuals of the next largest 
protozoan, Lcidyopsis (I'ig. 2), have died. And in a few termites 
perha|)s all or nearh' all of Lcidyopsis ma\' be dead, but this is 
exceptional. Also, b\* this time a few individuals of the next 
smallest genus, Trichomonas (I'igs. 5, 6), may have died, but 
not many. If starvation is continued through the seventh day, 
some termites completely lose their infection of Lcidyopsis, while 
others harbor a few indi\ iduals until near the end of the eighth 
day. After eight days of starvation, then, the two large protozoa, 
Trichonympha and Lcidyopsis, ha\'e all disappeared entirely. If 
the starvMtion is continued. Trichomonas now begins to die 
rapidly and by the end of the tenth day nearly all the individuals 
of this genus arc dead, though perhaps one to two per cent, of 
the total number originally present live sometimes four or five 
days longer. Trichomonas struggles along and dies more slowly 
than Trichonympha and Lcidyopsis. All of these protozoa feed 
on the wood particles which their host has eaten, but Streblo- 
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mastix (Fig. 4) does not. It may be dependent on the other 
protozoa or on the termites for its nourishment. It is difficult 
to say just when Strehlomastix begins to die since this genus is 
much smaller than either of the other three and in the normal 
or not-starved termite is greatly obscured by the countless 
thousands of larger individuals, thus making it difficult to deter¬ 
mine accurately the normal number present; but the number has 
perhaps diminished some by the end of the tenth day and b^^ 
the fifteenth day a great many have died, though not all; some 
of them, in fact, live almost as long as the termites—three to 
four weeks. 

During starvation most termites are active and appear normal 
for about fifteen days. However, as soon as many of the protozoa 
have died, after six days, say, it is not necessary to make a micro¬ 
scopical examination of the intestinal contents to determine 
what has happened, for there is now much more fluid than 
formerly present and it looks very muddy—the difference is 
quite characteristic and cannot be mistaken. 

Why do termites, when not given food (wood), lose their proto¬ 
zoa? Do the protozoa die of actual starvation, and most of 
them much more quickly than their host? Three experiments 
were carried out which perhaps throw some light on this question. 
When termites are fed cellulose instead of wood for several 
months before being starved, and then are cellulose-starved, they 
lose their protozoa more slowly. For instance, it takes them at 
least one to two days longer to lose Trichonympha. The 
writer (’25c) has shown elsewhere that this termite {T'ermopsis) 
can live for more than a year and perhaps indefinitely in a 
perfectly normal manner on a diet of pure cellulose and may it 
not be true that when it is fed nothing but cellulose (wood is 
about 50 per cent.) for some time before being star\'ed that it 
really has more food in its intestine for the protozoa when 
starvation is begun and for this reason the protozoa are able to 
live longer? If so, this indicates that when Termopsis is wood- 
starved that its intestinal protozoa, particularly Trichonyrupha^ 
Leidyopsis, and Trichomonas, die of actual starvation long l)efore 
their host. We should expect the protozoa to die first since 
they digest the wood for themselves and their host. And when 
they die, they perhaps give themselves as food to their host. 


SYMBIOSIS BETWEEN TERMITE AND FLAGELLATES. 


315 


which is thus enabled to live considerably longer than its proto¬ 
zoa. In nature, termite protozoa may aid their host by giving 
themselves as food. It is not known how long the life-cycle of 
these protozoa is, but, if it is not longer than that of the parasitic 
protozoa that have been cultivated in artificial media from a 
single individual, countless millions of them must die daily in a 
single termite. 

b. Oxygenation. 

It has been fairly common knowledge for some time that 
oxygen in rather excessi\e or abnormal amounts is toxic for 
many, if not all, forms of animal life. Realizing there must be 
very little oxygen in the environment of intestinal protozoa, I 
concluded that the\’ might for this reason be more scnsiti\*e to 
it than their host in an atmosphere of approximately 20 per cent, 
oxygen. Accordingly, it was decided to determine whetlier 
oxygen was mcjre toxic for intestinal parasites llian for their 
host. Obviously, for many reasons, termites are far superior to 
any other insect and perhaps any other animal for such a study. 
Workers, soldiers, and nymphs of the reproductive castes, can 
l)e counted on to ha\ e an infection of 100 per cent., approximately 
the same in all indi\ idutils of the same size anil age. And there 
are millions of ver\‘ large, acti\e and highly specialized ilagellates 
in a single insect. In fact, nearly half the body weight of the 
insect is made up of these protozoa. Where, then, could a 
better opportunity be found to study the elTect of oxygen on 
intestinal flagellates? d he termites are easiU' kept in the labora¬ 
tory and will li\ e almost indefinitely in tightly corked \ ials and 
flasks, for they can stand a \ er\’ high percentage of COo. 

These experiments were begun with a different end in view 
from the use that is made of them in this pai)er, for it was not 
thought that all the intestinal protozoa could l)e remo\ed without 
injuring the termites too, and still less was the possibility con¬ 
templated that ox>’gen miglit entirely remove some genera of 
these flagellates before killing others. The other subject, tliat 
of the toxicity of oxygen proper, is being studied now and will 
be taken up in detail in a later |)aper. 

It was found that if termites {Termopsis) were placed in fairly 
pure oxygen at one atmosphere pressure that all protozoa be- 
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longing to the genus Trichomojias (Figs. 5, 6) were killed within 
24 hours and had disappeared from the termites’ intestines, while 
Trich071 ympha and Leidyopsis, the two largest genera, and Streblo- 
uiastix, the smallest genus, remained practically unaffected. Of 
course a few others were probably killed, but not many. The 
termites were not alTected in the least by the oxygen. However, 
we should not expect them to be for many animals can live in an 
oxygen atmosphere at this pressure for a much longer period. 
The surprising thing is that the oxygen kills the protozoa so 
quickly and removes one genus completely long before the others. 

When the termites were confined to the oxygen atmosphere 
for more than 24 hours, Tricho 7 iymplia, Leidyopsis and Streblo- 
77iastix began to die, though not all individuals of these genera 
were dead until about 72 hours. Sometimes they were dead a 
little earlier than this and sometimes a few hours later, the 
variation probably depending on the percentage of oxygen in 
the particular flask or vial containing them. The oxygen which 
was used was obtained by heating C. P. K2iMn-^Os and was 
washed in NaOH before being run into the flasks and vials where 
it displaced most of the air. No effort was made to determine 
the percentage of oxygen in such an atmosphere, which must 
have varied considerably at times. Known percentages of 
oxygen at one and at more than one atmosphere pressure are 
now being used in the work on toxicity of oxygen for intestinal 
protozoa. The significant fact is that in all of more than 75 
experiments which were carried out the protozoa were all removed 
in approximately 72 hours. In these 75 experiments, more than 
1200 termites were used and none of them, in so far as could 
be determined by careful observation, ever suffered an}' ill effects 
from the oxygen. They easily live eight to ten days in an 
oxygen atmosiihere which kills their intestinal protozoa in three 
days. No effort was made to determine just how long they 
would live, for after their intestinal protozoa have been taken 
from them, the}' cannot li^'e more than three to four weeks in air. 

c. Oxygenatio 7 i and Staroatio 7 i. 

It was noticed in the starvation experiments that Tricho- 
7iy}npha disappeared entire!}' after the termites were star\’ed 
six days and that Leidyopsis had disappeared entirely by the 
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end of the eighth day of stan'ation. In the oxygenation experi¬ 
ments, Trichomonas disappeared entirely within 24 hours. It 
was obvious, then, that a combination of these two methods for 
removing the protozoa would yield interesting results. Accord¬ 
ingly, ten experiments, using approximately 400 termites, were 
carried out as follows: The termites were oxygenated, as in 
previous experiments, for 24 hours. This removed all protozoa 
belonging to the genus Trichomonas, About 100 of these ter¬ 
mites were starv'ed for six days, and 100 for eight days. In 
this manner, the first 100, or those individuals which were 
starved six days, were freed of Trichonympha, and the second 
100, or those individuals whicli were staiA'ed eight days, were 
freed of Trichonympha and Leidyopsis, Thus, in those indi¬ 
viduals that were star\'ed eight days, Streblomasti.x only re¬ 
mained, while in those individuals that were starved six days, 
Leidyopsis and Slrcblomastix remained. 

d. Wood-feeding after Internals of Starvation and O.xygenation. 

By starvation and by oxygenation and by a combination of 
starvation and oxygenation we have seen how it is possilile to 
shift the protozoa about almost an\‘ way we wish, h'or instance, 
we can take out Trichonympha by starving six days and leave 
Leidyopsis, Trichomonas and Streblomastix uninjured; by starv¬ 
ing eight days we can remove Trichonympha and Leidyopsis, 
leaving Trichomonas and Streblomastix, and then by oxygenating 
24 hours we can remo\'e Trichomonas, leaving onh* Streblomastix', 
or we may oxygenate lir^t and remove Trichomonas which will 
leave Trichonympha, Leidyopsis and Streblomastix, and then if 
we starve these individuals for six days we have Leidyopsis and 
Streblomastix remaining; and by oxygenating for 72 hours all 
protozoa are removed. B\ this crisscross procedure we may 
obtain termites with fi\ e ‘ protozoal combinations and jirotozoa- 
less termites as follows; (i) Leidyopsis, Trichomonas, Streblo¬ 
mastix; (2) Trichomonas, Streblomastix; (3) Streblomastix; (4) 
Trichonympha, Leidyopsis, Streblomastix; (5) Leidyopsis, Streblo¬ 
mastix; and (6) no protozoa. Thus a wonderful opportunity is 
afforded for studying the relation of each ot the four genera of 

^Two more combinations have been obtained recently. See addenda for a tab¬ 
ulation of all combinations. 
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protozoa to its host and to its neighbors or fellow protozoa, for 
none of these six groups of termites was injured in the least by 
the methods employed in removing the protozoa. Each group 
would feed on wood just as it did before the protozoal alterations 
were made. 

Each of these six groups was now fed wood and kept to itself 
in the same environment of temperature, moisture, and light. 
Each group contained about fifty individuals. Controls, or 
termites that had not been treated in any way, were also kept 
with these five groups. The results of feeding wood to each 
group may be briefly stated as follows: 

(1) Termites unih Leidyopsis, Trichomonas and Streblomastix .— 
In normal termites in nature, Trichonympha for some reason is 
perhaps looo times as numerous as Leidyopsis, and this ratio is 
fairly constant, although we do not know what makes it so. 
Tricho7iympha is the dominant genus in size at least and probably 
in number too— Trichomo7jas and Streblojnastix may sometimes 
be as numerous as Trichonyynpha, but they are much smaller. 
A most interesting thing happens to Leidyopsis when its dominant 
neighbor, Trichony7nphay is killed; it multiplies rapidly, soon 
increases very greatly, indeed, in number, and in 20-30 days 
has filled up the space made vacant in the termite’s intestine by 
the removal of Trichony77ipha, This condition remains perma¬ 
nently and the group of termites is able to live indefinitely on a 
wood diet. Leidyopsisy then, is not only able to take the place 
of the dominant Tricho7iympha in number but can also take its 
place as the chief symbiont. As we shall see when we come to 
study the group of termites with Tricho7nonas ai;d StreblomastiXy 
or the group with Streblomastixy Trichonymiphay in nature, is by 
far the most important symbiont. We know this, even though 
we were not able to get a pure culture of this genus, because 
Leidyopsis is present in too small a number to be of much im¬ 
portance and Tricho}7ionaSy as group ( 3 ) shows, is not of \'cry 
great moment as a symbiont. So, in nature, Tricho7iympha is 
of most value to termites, because for some reason it is dominant 
over Leidyopsis; although, under experimental conditions, Leidy¬ 
opsis can become of as great value to its host as Trichonympha 
is in nature. 

( 2 ) Ter7nites ivith Tricho7nonas and Streblomastix. —When 
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LeidyopsiSy although it is usually never present in nature in 
nearly such large numbers as Trichomonas and SirehlomasHXy is 
removed the same thing happens to Trichomonas that happens 
to Leidyopsis when Trichonympha is remo\’ed, namely, Tricho¬ 
monas multiplies rapidly and increases ver>' greatly in number 
for about 30 days, but it never completely fills the intestine of 
its host. These termites are active for approximately 60-70 
(lays on the average, but after this period many of them die, 
although some of them live considerably longer and a very small 
percentage ma\* be able to live indefinitely. Howe\'er, under the 
present conditions, we may conclude that the symbiosis between 
Termopsis and its intestinal protozoa is ver>* greatly damaged by 
the removal of Trichonympha and Leidyopsis. Trichomonasy 
under these experimental conditions, is undoubtedly of some 
\’alue to its host, though certainly not as much as either Tricho¬ 
nympha or Leidyopsis. It is able to keep its host alive for at 
least 40 50 days, for when it is removed, as we shall see in group 
(3), the termites die 40 50 days earlier. It is possible that 
Trichomonas in this case has t(j suf)port StrehlomastiXy as well as 
its host, for Streblomasiix cannot li\e alone as group (3) shows. 
Streblofnastix now, as was not the cMse when only Trichonympha 
had been removed, increases in numbers considerabl>', and, if a 
method for removing it without removing Trichomonas at the 
same time were available, Trichomonas might then be able to 
keep jiractically all of its hosts alive indefinitely. 'I'liis, how¬ 
ever, being a [Possibility which has not been tested, more work 
must be done before we can speak with exactness upon the 
precise ability of Trichomonas to keep its host alive. 

(3) Termites udth Streblomasiix .— Streblomasiix does not in¬ 
crease in number; on the contraiA*, it gradually diminishes, and 
its host dies within three to four weeks, just as when all [Protozoa 
are removed. We conclude, then, that Streblomasiix is not a 
symbiont, for it does not seem to be of any value to its host. 
Incidently, this protozoon, unlike the other three genera, does 
not ingest wood particles from the intestine of its host, which 
also suggests that it plays no part in digesting food for its host. 
Streblomasiix may depend on the other protozoa for its support. 

(4) Termites unth Trichonymphay LeidyopsiSy and Streblo- 
7 nastix. —These termites are able to live indefinitely and it is 
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not possible to note any change in their protozoa. Perhaps 
Trichonympha takes the place of Trichomonas, but if this occurs, 
it cannot be detected because there are so many Trichonympha 
anyway. The loss of Trichomonas is of no consequence. 

(5) Termites u^ith Leidyopsis and Strehlomastix.—Leidyopsis 
multiplies in this group as in group (i), and perhaps takes the 
place of Trichomonas as it does of Trichonympha. These ter¬ 
mites, as those in group (i), are able to live indefinitely. Since 
Streblomastix, as group (3) shows, is of no value to its host, we 
may conclude that Leidyopsis alone, without the modicum of 
assistance from Trichomonas such as it received in group (i), 
is able to keep it shost alive indefinitely. 

(6) Terinites with No Protozoa. —These termites eat wood just 
as those in the other five groups, but are not able to live longer 
than three to four weeks. The inability to maintain themselves 
on their normal diet of wood is caused by the removal of the 
intestinal flagellates, particularly Trichonympha and Leidyopsis, 
from them. 

Discussion. 

Intestinal protozoa must live in an environment with a smaller 
percentage of oxygen than their hosts, and should, therefore, 
experience the greater difficulty when the oxygen environment 
of the host is raised from 20 to 100 per cent., provided, of course, 
the oxygen percentage of the parasite’s environment does not 
increase correspondingly with that of its host. For instance, if 
there is normally, say, i per cent, of oxygen in the parasite’s 
environment and 20 per cent, in that of the host, when the host 
is placed in an atmosphere of 100 per cent., the percentage of the 
host’s environment is thus increased only five times, while that 
of the parasite is increased eighty times. On the other hand, 
if the oxygen percentage of the parasite’s environment increases 
correspondingly to that of its host, or, as in this case, five times, 
then the parasite would be in 5 per cent, oxygen when its host 
was in 100. When termites are placed in 100 per cent, oxygen, 
the oxygen percentage of their parasite’s environment may be 
increased much more than their own, and the parasites are killed, 
just as any animal would be with so great an oxygen increase. 
If this is true, the parasites can undergo as great change in 
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oxygen as their host, and oxygen is really not any more toxic 
for them than for their host. They die, then, while their host 
is uninjured, because the oxygen percentage of their environment 
increases many times more than that of their host. 

In larger animals with a different system of respiration, the 
oxygen percentage of host and parasite may increase corre¬ 
spondingly, in which case it would be impossible to kill the para¬ 
sites of, say, a vertebrate by confining it in an oxygen atmosphere 
without at the same time killing the vertebrate, unless, of course, 
oxygen is actually more toxic for the parasites. At any rate, 
other parasites may be killed by the use of oxygen if we can 
de\'eIop a method of getting it to them. 

\Mien termites are starved, their largest protozoa die first, 
but when they are oxygenated, their next to the largest one dies 
first. W hat is the cause of this? d'he larger and more active 
ones may recpiire more food than tlie smaller ones, and for this 
reason star\e more (piickly, if star\'ation is the actual cause of 
death. Or it may be that the smaller ones are partly nourished 
by their host or by their larger protozoan neighbors. In the 
case of oxygenation, the smaller ones may die first because of the 
higher ratio of surface-\ oluiiie exjiosure which they have. 

One interesting jiroblem which this study brings out is, w’hat 
maintains the fairly definite ratio between the four genera of 
protozoa? 'fhe host may produce a reaction jiroduct for each 
genus which inhibits its multiplication beyond a certain point. 
However, this docs not seem verx* likeU', for when Trichonympha 
is removed, Lcidyopsis takes its place, and when Leidyopsis is 
removed. Trichomonas partly takes its iilace. The protozoa 
may inhibit the reproduction of each other beyond a certain 
point. And another possibility is the (piestion of struggle for 
food which must go on where such a large number of protozoa 
are present. 

Su.MMARY AND CONCLUSIONS. 

The termite which was used in these experiments belongs to 
the genus Tennopsis. X’^ery probabl}' two species, T, iievadensis 
Hagen and T. angusticollis Hagen, have been used. These two 
species are so nearly alike that they can be distinguished at 
present only by a study of their winged adults, w'hich w'crc not 
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present in most of the material used. The two species probably 
harbor an identical protozoan fauna. 

Four genera of protozoa are invariably present in these ter¬ 
mites. These in order of size are: Trichonympha (Fig. i), 
Leidyopsis (Fig. 2), Trichomonas (Figs. 5, 6), and StrebJomastix 
(Fig. 4). Kofoid and Swezy (’19) claim that another genus, 
Trichornitiis (Fig. 3), is also present, but, for reasons given in 
this paper, it is impossible to say whether or not Trichornitiis is 
present. If it is, it reacted in every way as Trichomonas did, 
and has the same relation to its host and fellow protozoa as 
Trichomonas. 

Two methods, starvation and oxygenation, for removing the 
protozoa are given. By using each method separately and by a 
combination of the two it was possible to get five dilTerent com¬ 
binations of the protozoa, without injuring the termites in the 
least. By starving for 6 days, Trichonympha was removed 
entirely; by starving for 8 days, Leidyopsis was remo\'ed com¬ 
pletely; by oxygenating for 25 hours, Trichomonas was entirely 
removed; by oxygenating for 24 hours and starving for 6 days, 
Trichomonas and Trichonympha were removed; by oxygenating 
for 24 hours and starving for 8 days, Trichomonas, Trichonympha 
and Leidyopsis were removed; by oxygenating for 72 hours, all 
protozoa were removed. From this we get one group of termites 
with no protozoa in them and five groups with a dilTerent com¬ 
bination of protozoa in each group as follows: (i) Leidyopsis, 
Trichomonas, StrebJomastix; (2) Trichomonas, StrebJomastix; (3) 
StrebJomastix; (4) Trichonympha, Leidyopsis, StrebJomastix; (5) 
Leidyopsis, StrebJomastix; and (6) no protozoa. By feeding the 
normal diet of wood to each of these groups of termites it was 
possible to work out the relation of each protozoan genus to its 
host and to its neighbors or fellow protozoa. 

When group (i), which contained Leidyopsis, Trichomonas and 
StrebJomastix, was fed wood, Leidyopsis multiplied rapidly, in¬ 
creased greatly in number and was able in 20-30 days to fill the 
vacant space made in the host’s intestine when Trichonympha 
was removed. This group is able to li^’e indefinitely. 

When group (2), which contained TricJiomonas and StrebJo¬ 
mastix, was fed wood, TricJiomonas, like Leidyopsis in group (i), 
multiplied rapidly and increased greatly in number for about 30 
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days, but was never able to fill the intestine with protozoa, that 
is to say, Trichomonas was never able to entirely take the place of 
Tricho 7 iympha and Leidyopsis in volume. Most of the termites 
of this group were able to live 70-80 days and some of them 
longer, although very few, if any, were able to live indefinitely. 
Trichomonas, then, is of some value to its host as a symbiont. 
It can keep its host alive 40-50 da\-s longer than the host would 
be able to live without it. If Streblomastix, which is certainly 
not of any \’aluc to its host and may have to be supported by 
Trichomonas in this group, were not present. Trichomonas might 
be of more value to its host. 

When group (3), which contained Strehlomastix, was fed wood, 
death resulted within three to four weeks, the same time it 
occurs when all protozoa are removed. Streblomastix did not 
multiply at all; on the contrary, it gradually diminished in 
number. This protozoun, then, is not a symbiont. It may 
either receive its nourishment from its host or from the other 
protozoa directly, i)rolNibl\* the latter. 

When grouj) (4), which contained Trichonympha, Leidyopsis 
and Streblomastix, was fed wood, all individuals were able to live 
indefinitely. 'I'he remox al of Trichomonas did not seem to alTect 
the symbiosis at all. 'Trichonympha perhaps took the {dace of 
Trichomonas very (|uickl\-. 

W hen group (5), which contained Leidyopsis and Streblomastix, 
was fed wood, Leidyopsis multiplied and increased in numbers 
just as it did in group (i), perhaps taking the place of Tricho¬ 
monas —though this could not actually be seen—just as it did 
that of Trichonympha. d'hese termites were able to li\'e in¬ 
definitely. Leidyopsis, e\ en though in nature its ratio to Tricho¬ 
nympha is approximately i : 1000, can take the place of Tricho¬ 
nympha under experimental conditions both in number and in 
abilit\' to keep its host ali\'e indefinitely. In nature, however, 
Trichonympha must be the chief symbiont, for it is so much more 
numerous than its closest neighbor, Leidyopsis. 

W’hen group (6), which contained no protozoa, was fed wood, 
death resulted within three to four weeks. 

The results of these experiments, as regards the symbiotic 
relationship between termites and their intestinal protozoa, are 
in accord with those obtained by the incubation method (Cleve- 
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land, ’24a). The symbiosis between these insects and their 
intestinal flagellates has now been clearly demonstrated by three 
entirely different methods, namely, incubation, starvation, and 
oxygenation. 

ADDENDA. 

Since this paper went to press sometime ago several additional 
observations of interest have been made. 

Thirteen colonies of Termopsis nevadensis and six colonies of 
Termopsis angusticollis have been obtained. The protozoa in all 
of these are the same. 

By dry fixation and staining with Wright’s stain one and three 
minutes respectively it has been possible to demonstrate beyond 
question four anterior flagella on Trichomonas, No organisms 
with three anterior flagella, the number Trichomitus is said to 
possess, have been observed. Hence it is quite probable that 
Trichomitus does not occur in Termopsis, Another interesting 
result was obtained by this method of fixation and staining: It 
was discovered that Streblomastix has only four flagella, instead 
of six, the number figured by Kofoid and Swezy (’19). The 
flagella stand out as big red lines which may be counted almost as 
easily as so many red pencils. Perhaps this method of fixing and 
staining will prove valuable in determining the flagella number of 
other protozoa. 

By oxygenating Termopsis at a pressure of 1.5 atmospheres for 
7 hours it has been possible to remo\e both Trichomonas and 
Streblomastix from many, though never all, hosts without seri¬ 
ously effecting Trichonympha and Leidyopsis. When termites 
oxygenated in this way are starved for six days, Trichonympha 
disappears entirely, thus making it possible to obtain termites 
with only Leidyopsis, This gives two more protozoal combi¬ 
nations, in addition to the five already obtained, viz, termites 
with Trichonympha and Leidyopsisy and termites with Leidyopsis, 
It now seems desirable to tabulate all the protozoal combinations; 
show how they were obtained, and how, if at all, they effect their 
hosts. 
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Table I. 

Results of Various Methods which Have Been Employed in Removing One 
OR More Gener.\ of Protozoa from the Large Pacific Coast 
Termite, Termopsis nnadcnsis Hagen. 


Every host in nature always harbors each genus. — = absent, i.e., treatment 
killed all protozoa of this genus and -f = present, i.e., treatment had no effect. 



The Protozoa. 


Methods of Treatment. 

1 

.d 

p 

■S' 

5 

1 Trichomonas, 

.H 

2 

w 

Result of 
Treatment 
on Host. 

I Starvation for b days 

— 

T 

-f 

-f 

Lives indehnitely. 

2. Starvation for 8 days. 


— 

+ 

+ 

Lives about 10 weeks. 

3. Oxygenation for 24 hours at 1 atm.. 

-T 

•f 

— 

+ 

Lives indefinitely. 

4. Oxygenation for 24 hrs. at 1 atm. Star¬ 
vation for 6 days. 

_ 

•f 

_ 

+ 

Lives indefinitely. 

5. Oxygenation for 24 hrs. at i atm. Star¬ 
vation for 8 days. 

_ 

_ 

_ 

+ 

Lives 3-4 weeks. 

6. Oxygenation for 7 hrs. at 1.5 atms.. . 

-r 

+ 

- 

- 

Lives indefinitely. 

7. Oxygenation for 7 hrs. at 1.5 atms. 
Starvation for 6 days. 

_ 

+ 

_ 

_ 

Lives indefinitely. 

S-13. Oxygenation. 1 atm , 72 hrs., 1.5. 9 
hrs.. 2. 5 hrs., 2.5, 2 hr«.. 3. i hr and 5 
min., 3.5 40 min... 

- 

- 

- 

- 

Lives 3 4 weeks. 
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Explanation of Plate i. 

The Protozoa of Termopsts. Figs. 1-4 after Kofoid and S\Ye2y; Figs. 5, 6 
original. 

Fig. 1. Trichojiyinpha campanula. X 300. 

Fig. 2. Leidyopsis sphaerica. X 300. 

Fig. 3. Trichoniitus ler 77 iitidis which may be a synonymn of Tricho 7 nonas 
ter 7 nopsidis (Figs. 5, 6). X 625. 

Fig. 4. Streblomastix strix. X 2500. 

Fig. 5. Trichomonas ter 7 nops{d{s fixed in weak Flemming’s fluid. Note parabasal 
body which is not present in Fig. 6 because this organism was fixed in Schaudinn's 
fluid which nearly always makes the parabasal invisible. X 1440. 

Fig. 6. dividing form fixed in Schaudinn’s fluid. Para- 

desmose has just disappeared. Note doubling of nuclei, axostyles, anterior flagella, 
undulating membrane, and chromatic basal rod of undulating membrane. Para¬ 
basal bodj' does not aopear because of fixation in Schaudinn’s fluid. X 1440. 
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SOME PHYSIOLOGICAI. DISTINCTION’S BETWEEN 
FRESHWATER AND MARINE ORGANISMS. 


EDWARD F. ADOLPH, 

From the Marine Biological Laboratory. Woods Hole, Mass. 

I. 

Aquatic organisms are in general distinctly divided into those 
species inhabiting fresh water and those inhabiting sea water. 
Vet this division is evidently not a phylogenetic one, since closely 
related species li\e in either (Ouinton, ’04). Only in a few 
species are the same individuals capable of passing from one 
medium to the other. 'I'he transition zones of brackish water 
are relatively small in extent and \ery variable, still there are a 
few organisms which thrive onl\' in such diluted sea water. 

I\irticularly the distribution of fishes between fresh water and 
sea water lias excited the interest of biologists. Paul ik‘rt tried 
to find why fish died when taken from their usual medium and 
placed in the other (’71. '7:^). I'or marine animals he (’83) 
reached one important conclusion, namely, that the toxic effect 
was not always due to the dilution of the substances dissoUed 
in sea water, 'fliis conclusion has been thoroughU' confirmed 
by the subsetiuent obser\*ations of Loeb ( 03) and others. 

Practically no further anaK'sis of this problem could be made 
without careful quantii<itive studies. Such were undertaken by 
Sumner (’06) upon marine teleost fishes. He found significant 
changes in the water content and in the salt content of the animals 
during their immersion in diluted sea water. Thus the dele¬ 
terious effect seemed to be a loss of essential body constituents, 
because the animals were unable to regulate favorably their 
integumental pernieabilit\' under the new circumstances. 

Meanwhile a new line of attack came to light with the discovery 
of salt antagonisms b\' Ringer (’82). Loeb (’00) found that 
marine organisms were readily affected by the disturbances of 
the balance between salts, but were almost independent of 
osmotic pressure changes. Thus (’03), the marine crustacean 
Gammarus endured dilution of the seawater medium just as well 
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if the diluting fluid was distilled water as if it was a sugar solution 
isotonic with sea water. 

It is important to realize that various groups of animals differ 
greath' in their ability to control the interchange of substances 
between body fluids and external en\’ironnient (Semper, ’80). 
In all metazoa the covering epithelial layer of the body carries 
on an active regulation of the interchanges, so that the outer 
medium affects the more vital tissues only after it has with sur¬ 
prising slowness changed the composition of the internal medium 
(Adolph and Adolph, ’25). Thus in all these animals there are 
two lines of defense, two regulating surfaces which must be 
penetrated. To illustrate several grades of this ability to control 
the interchanges at the body surface, we may cite the mammals, 
in which it is well known that the skin is impermeable at all 
times; the aquatic amphibia, in which the permeability is con¬ 
trolled in such a way that significant chemical interchanges 
between body and environment are strongly opposed; and the 
annelid worms, in which the interchanges are still less selected. 
In the teleost fishes essential interchanges are limited to the gill 
surfaces (Sumner, ’06). In elasmobranch fishes the entire skin 
is partially permeable, while in invertebrates the body fluid 
often interchanges freely with the medium. 

We have attempted to compare the vital resistance to the 
penetration of chemical agents in freshwater animals and marine 
animals. For this purpose we have chosen those animals whose 
entire body surface is normally permeable in some degree, 
namely, small invertebrates. In them the surface mass ratio is 
sufficiently large that effects of the chemical environment quickly 
manifest themselves. 

II. 

An excellent measure of the amount of integumentary regula¬ 
tion |)erformed by organisms is the rate of change of body weight 
when the organisms are transferred from their usual medium to 
a solution of different chemical composition (Adolph and Adolph, 
’25). Thus, when freshwater animals are immersed in salt solu¬ 
tions there is a rather sudden loss of water, so that the body 
\'olume quickly reaches a new lower level. Seawater animals 
placed in diluted sea water gain in \'olume, even though the 
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dilution be carried out with an isotonic solution of a non-electro¬ 
lyte. Several species of invertebrates, both freshwater and 
marine, have been compared in this manner. The flatworm 
Dendroccelum and the earthworm Lumbriciis, both of which 
inhabit fresh water, reach the new volume level in about 5 hours. 
The marine annelid Phascolosoina, when placed in sea water 
diluted to half its normal concentration, attained the new volume 
level in less than 2 hours. Evidently Phascolosoma adjusts to 
the new environment more rapidly than the freshwater species: 
it has less resistance to the penetration of water through its 
surface. 

We wished to know whether dissohcd substances likewise 
penetrated at dilTerent rates through the body coverings of these 
two classes of animals. After the first adjustment to the im¬ 
mersion in salt solution by lo^s of water, freshwater animals 
remained at tile new !e\el of \ olume for se\ eral days, and when 
replaced in fresh water recovered two thirds of the original loss, 
Phascolosoma, however, in diluted sea water lost slowly a con¬ 
siderable amount of the dissolved sul>^tance of the body lluids, 
so that when finally returned to normal sea water wry little 
water passed from the body C()mi)ared to that originally gained. 

A still larger number of animals we have compared with 
respect to their resistance to solutions of salts and other sub- 
sttinces. A list of these s[)ecies, and the highest concentrations 
of certtiin solutes which they can just sur\ i\e for a considerable 
length of time, are given in Table I. An important conclusion 
can immediately be drawn from these data; namely, that for 
freshwater organisms the osmotic pressure of the medium usually 
limits survival, while for marine organisms a great range of 
concentrations can be resisted, d'hus, marine Gammarus will 
live indefinitely if transferred to sea water diluted with distilled 
water up to 0.5 per cent. (0.005 M), or concentrated by the 
addition of salts up to 160 per cent. (1.56 M, corrected for 
ionization). Freshwater Gammarus, on the other hand, are 
usually killed by immersion in any solution of a concentration 
equivalent to 0.35 M. Gradual dilution or concentration of the 
medium does not appreciably extend these limits. 

The general significance of the conclusions from all the abo\'e 
experiments we interpret to be that both dissolved substances 


Table I. 

Maximum Survival Concentration or Percentage of Various Dissolved Substances which were Endured by 3 I^reshwater 
Species and 3 Marine Species at 22^ C. for the Arbitrary Times Specified. 
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and water penetrate the tissues of marine animals faster than 
they pass through the covering layers of freshwater animals. 
But in both cases the presence of salts in abnormal proportions 
in the medium renders the permeability of the integument high. 

The greater permeability to salts and water in marine organ¬ 
isms accords with the ordinary conditions of existence for these 
animals. Marine animals are constantly bathed in a medium 
which is physiologically as suitable in inorganic composition as 
any internal one (Fredericq, ’22). Freshwater animals, on the 
other hand, cannot afford to lose dissolved substances from their 
bodies nor to allow the entrance of water into their bodies up to 
the point where osmotic equilibrium would result. 

Osmotic pressure changes per sc are evidently not particularly 
deleterious to the vitality of internal tissues, providing the in¬ 
tegument does not attempt to regulate against them. In marine 
organisms the freer penetration of solutes allows the internal 
medium to keep pace with the outer medium as regards comi)osi- 
lion, and so long as the .salt balance is preserved, no essential 
functions are inhibited. 

Morphologists have often attributed the cliemical resistance of 
freshwater organisms to their j)ossession of an outer cuticulum. 
Perhaps the resistance referred to is the resistance to the penetra¬ 
tion of protein-precipitating agents, and in this a proteinaceous 
cuticulum probably a.ssists. But under ordinary conditions the 
cuticulum is by no means either impermeable or semipermeable. 
Rather the living integument is responsible for the maintenance 
of restricted or selective permeability. 

in. 

A second significant characteristic of freshwater animals ap¬ 
pears to be thill their body fluids ha\'e a lower osmotic pressure 
than those of marine organisms. 

Whether there is a rekition between toxicity and tonicity we 
have attempted to investigate by measuring the survival of 
plasmolyzed Spirogyra filaments. With a variety of plasmolys- 
ing agents it was found that the toxic concentration was almost 
exactly the lowest one which produced distinct permanent 
plasmolysis. By gradually increasing the concentration of the 
medium, both toxicity and plasmolysis were prevented. Now, in 
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all the freshwater animals studied, toxic effects followed immer¬ 
sion in a concentration of about 0.35 M non-electrolyte solutions, 
or the equivalent concentration of electrolytes. F'redericq (’98) 
and Botazzi ('08) have shown that the tissue fluids of freshwater 
animals always have osmotic pressures less than half of that of 
sea water (A = 0,8° C.), and usually have only one eighth to 
one fourth of that of sea water; while marine animals have body 
fluids which are exactly isotonic with sea water. We can thus 
probably regard the maximum survival concentration for fresh¬ 
water animals as a measure of the osmotic pressure of their 
body fluids. All the freshwater animals studied*.evidently had, 
therefore, internal osmotic pressures equivalent to 0.20 to 0.35 AL 

The acclimatization of marine organisms to changed osmotic 
conditions contrasts to that for freshwater organisms. In several 
instances marine animals placed in glass-distilled water died, yet 
most of them survived a mixture of 98 or 99 per cent, of distilled 
water with only 2 or 1 per cent, of sea water. In other words, 
most marine animals are able to live after abrupt change to 
almost pure fresh water, providing that the remaining salts are 
present in physiological proportions. Gradual dilution of the 
sea water over several days did not materially help marine 
animals to endure pure water, though complete acclimatization 
has been secured over long periods of time by other observers 
(Beudant, ’16, Plateau, ’71, Semper, ’80). 

For freshwater organisms, gradual increase in the concentration 
of the medium did not greatly increase the maximum survival 
concentration. It is evident from this that plasmolytic effects 
arc not the important ones in producing this toxicity. In diluted 
sea water all the freshwater animals studied except Gammanis 
were killed in concentrations less than half of that of the sea¬ 
water at Woods Hole (A = 1.81"^ C.), and acclimatization never 
increased this toxic limit up to half of the concentration of the 
sea water. Similar acclimatizations to specifically poisonous 
substances ha\'c been demonstrated by Da\'enport and Neal 
(’96) and numerous other investigators, so that it seems doubh’ 
certain that the ultimate toxic effect is not plasmolytic. More¬ 
over, the toxic effect cannot be attributed to sudden volume or 
concentration changes such as are brought about by diffusion. 
Certain balanced solutions such as sea water can be resisted in 
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spite of their high concentration by freshwater Gammarus\ there 
is no interference with the regulatory activity of the integument. 
At this point we approach the problem of the conditions for the 
survival of the internal tissues, which are evidently very difTerent 
from the conditions which the external medium may impose 
when an integument is interposed. 

IW 

It appears, therefore, that freshwater organisms are strongly 
contrasted to marine organisms with respect to their ability to 
adjust to changes in their chemical environment. Marine 
organisms in general maintain a higher degree of interchange of 
inorganic materials with their surroundings. Freshwater organ¬ 
isms, on the other hand, ha\ e a more restricted and selective 
interchange, and thus ilissolved materials are kept inside their 
bodies and water is kept outride. In protecting themseh es from 
their environment through the retention of salts, freshwater 
organisms ha\e laid themselves open, paradoxically, to osmotic 
disturbances of the integument. Marine organisms, by allowing 
the ein ironing medium to ser\ e as the {)h\*siol()gical Iluid, are 
able to endure a much greater change in llie ein ironing medium, 
than are freshwater organisms with their greater regulation of 
the internal medium. 1'his greater change is one of concentra¬ 
tion only, howe\er, for both groups of animals are ecpially 
susceptible to variations in the proportions of salts in the medium. 
'I'his condition in the freshw.iter animals is entirely due to the 
peculiar and variable t>'pe of permeability found in the integu¬ 
ments of this grouj), whereby the\' normally maintain a con¬ 
centration dilTerence l)etween outside and inside Iluids, as has 
been pointed out previously (Ouinton, ’04, Adolph and Adolph, 
’-?5). 'Phis activity of the integument :?erves excellently in the 
normal medium, but adds a factor of susceptibility. 

Fxistence in the freshwater medium is accompanied by the 
possession by all freshwater organisms of relatively dilute tissue 
fluids. Apparently it is the integumentary activity which is 
upset by increased concentrations of the medium. Its upset, 
in turn, produces rapid changes of a deleterious nature in the 
composition of the body fluids. Marine organisms, on the other 
hand, have body fluids which are in complete chemical equilib- 
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rium with their environments (Quinton, ’04). Thus it turns out 
that while the essential physiological constitution of the tissues 
of the two groups of animals does not differ, the limiting factors 
for the proper functioning of their regulatory integuments differ 
vitally. 

It seems probable that the transition from one type of integu- 
mental permeability to the other type occurs automatically 
during the long process of acclimatization which accompanies 
the transfer of an organism from one aquatic medium to the 
other; that both types are inherent in all integuments. 
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ENDOCRINE GLANDS AND BILATERAL SYMMETRY: 
OBSERVATIONS UPON FORELIMB ERUPTION IN 
FROG LARY/E UNDER TREATMENT WITH 
THYROID AND THYMUS EXTRACTS. 

C. C. SPEIDEL, 

From the Laboratory of Histology and Embryolog}-, 

University of \^irginia Medical School. 

Intkoductio.x. 

A conspicuous feature of thyroid-accelerated metamorphosis 
in frog larvae is the eruption of the forelimbs. Before these 
become visible externally they are located beneath the skin in 
the gill chamber. For some years the writer has been aware of 
the fact that the left forelimb is protruded before the right 
forelimb, sometimes by as much as several days. This condition 
was recorded in a previous paper (Jordan and Speidel, ’23) and 
has probably also been noted by other workers in the field of 
amphibian metamorphosis. In half-grown bullfrog and green 
frog tadpoles no exceptions to this were seen; i.c,, no case ap¬ 
peared of precedent right forelimb eruption in thyroid-treated 
tadpoles. It was, therefore, of some interest to find in a jar of 
seven thymus-treated tadpoles one animal in which the right 
forelimb appeared two weeks before the left. Furthermore, in 
two other animals in this lot the amount of skin degeneration 
in the right forelimb region was definitely farther advanced than 
that on the left side, a condition indicating probable prior right 
forelimb eruption. Death ensued, however, before the appear¬ 
ance of either forelimb. Two of the other four animals in this 
jar put out the left forelimb first, and in one the amount of skin 
degeneration on the left side plainly foreshadowed the prior 
eruption of the limb of that side. The remaining animal put 
out both limbs o\’er night. In this jar of seven thymus-treated 
animals, therefore, the ratio of ‘Tight-handed” to “left-handed” 
animals is l : i.^ 

The question suggests itself as to whether the endocrine secre- 

' The torins “right-haiKlud’’ and “left-handed” are used to denote merely prior 
liglU foreliinb eruption or prior left forelinib eruption, respectively. 
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tions represented by the thyroid and thymus extracts actualK* 
affect in a differential manner the bilateral symmetry of the 
developing animals. Further experiments were set under way 
in an attempt to analyze the factors controlling variation in 
forelimb eruption. 

There is a difference of opinion as to the condition in normal 
frog larvrc. Barfurth (’87) in Europe finds in the case of Rana 
fusca that 80 per cent, put out the right forelimb first, the left 
almost always following in from two to eight hours. On the 
other hand, Gudcrnalsch (’14), using Rana Icniporaria and Rana 
esculenta, states that he ha> always found the re\ ursc to be the 
case; i.e., in about 80 per cent, the left forelimb erupts first.- 
Dickerson (’20) obser\'cs that in normal bullfrog and green frog 
metamorphosis the left forelimb is usually put out first. My own 
obserxatioiis upon the normal tadpoles of Rana sylvatica, Rana 
clamata, Rana catesbeiana, and Ilyla crucifer lead me to agree 
with (iiidernatsch and Dickerson that in a definite majority of 
cases the left limb is the first to erupt. 

Material, ICxplrimi nts and Obsicrvations. 

d'he material used includes about 800 tadpoles of Jlyla crucifer, 
Rana catesbeiana, Rana claniata, and Rana sylvatica, and a few 
of Rana cantabri^iensis and Rana pipiens. The bullfrog and 
green frog tadpoles were collected at Charlottesville, \’irginia, 
the others at Woods Hole, Massachusetts. Untreated animals 
were usually kept in atpiaria containing pond water and weed. 
Administration of endocrine extract was accomplished by placing 
some of the extract in the water with the animals. Thyroid and 
thymus desiccated extracts were used. 

The accompanying table indicates the relative frcciucncy of 
left or right forelimb erui)tion, as it occurs under normal condi¬ 
tions, under thyroid treatment, and under thymus treatment. 

* Gudernatsch makes this statement in a footnote referring to his experiment 
with thyroid-accelerated metamorphosis. It is probable, therefore, that he in¬ 
cluded his observations on thyroid-treated animals with those on normal animals 
in regard to forelimh eruption, not realizing that thyroid treatment affects forelimb 
eruption. Thyroid administration, as shown by this paper, markedly favois the 
prior eruption of the left forclimb. His percentage, therefore, is not correct, but 
IS too high in favor of lefthandedness. 
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Table I. 

In this table is given for each species of tadpole the number of individuals 
observed with prior left forelimb eruption as compared with the number of indi¬ 
viduals observed with prior right forelimb eruption, under normal conditions, 
under thyroid treatment and under thymus treatment.’ 



Normal-untreated. 

Thyroid-treated. 

Thymus-treated. 

Prior 

Left. 

Prior 

Right. 

Prior 

Left. 

Prior 

Right. 

Prior 

Left. 

Prior 

Right. 

IIvia crueijer . 

43 (72%) 

17 (28%) 

25 ( 100 %) 

0 

17(50%) 

17 (50%) 

Ra)ia sylvatica . 

42 (65%) 

22 (35%) 

19 (100%) 

0 



Rana catesbeiana and 







R, clamaia . 

3 

0 

85 (100%) 

0 

3 (50%) 

3 (50%) 

Rana cantabrigiensis. . 



4 (100%) 

0 



Rana pipiens . 



20 immature tad- 






poles, all 

died 






before 

either 






forelimb erupted 



Total, all species. 

88 (70%) 

39 (30^) 

133 (100%) 

1 ° 

20 (50%) 

20 (50%) 


Under normal conditions a definite majority of tadpoles puts 
out the left forelimb first; in Ilyla 72 per cent., in Raiia sylvatica 
65 per cent. The few observ^ations upon untreated bullfrog and 
green frog tadpoles in the threedimb condition support Dicker¬ 
son’s observation that the left limb usually erupts first. Under 
thyroid treatment the left forelimb is invariably protruded first 
in all species studied, if those putting out forelimbs during the 
first forty hours of the treatment are excluded. Under thymus 
treatment apparently a I : i ratio is indicated. The experiments 
with Ilyla afford the best comparative figures and may be taken 
as typical. 

With thyroid treatment of half-grown tadpoles 100 per cent, 
put out the left forelimb first. A special experiment was tried 
in which 75 Ra?ia sylvatica tadpoles were subjected to thyroid 
treatment, many of these at the time being on the verge of putting 
out the forelimbs. Among those animals putting out forelimbs 
within the first forty hours, seven righthanded ones were seen; 
thereafter all were lefthanded. It may be concluded that in 
animals protruding the forelimbs within this time, an original 
bias toward righthanded ness may not be changed. In a similar 
experiment with 25 Ilyla tadpoles that were also fairly close to 

’For reasons explained in the text all animals putting out forelimbs within the 
first two days of thyroid or thymus treatment are discarded, and do not figure 
in the table. 
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the time of forelimb eruption, one rightlianded animal occurred 
during the first 24 hours: after that all were lefthanded. For 
this reason, in Table 1 . all animals putting out forelimbs during 
the first two days are omitted from the reckoning, since the 
original normal bias may not ha\ e been sufficiently influenced by 
the endocrine extract. 

How long it takes for the thymus extract to affect an original 
bias is not known. Since it is probably not so powerful as the 
thyroid it may be that more than the hrsl two days’ results 
should be discarded. If the first two days are discarded the 
ratio is 17 : 17 as gi\en in the table. If the results of the fir^l 
three to seven days are fli>cariled the ratio shifts progress!\el\ 
to favor righlhandedne>s. Only a much larger number of ani¬ 
mals under obserxation would gi\e a trust wort h\- ratio, 'fhe 
figures gi\en, howexer, are in all probabilitx* enough to show 
that the normal ratio has been affected and shifted in the dire('- 
tirni of righlhaiuledne^s. 

I\TI:RI‘RIvI \ IION AND DtSClsSK )N. 

'These obserN'ations lea\ e no doubt that the bilateral symmetrx 
of the developing frog ladpok*. as indicated by tlie relative time 
of forelimb eruption, is inllueiued b\- thyroid extract; jiossibK 
also by thx inus extract. The action of the thyroid extract will 
first be discussed. The bl(K>d carries tlie actix e thyroid principle 
t<» <ill [larts of the bod\*. It is inconceixable that the tluroid 
aiitacoid should haxc one effect f)n the tissues on the left side 
and ^mother effect on t‘xact!>‘ similar tissues on the right side. 
Therefore, the effect of the tluroid in changing the luirma! 
sN'mnietrical develofiment must be due to some original funda¬ 
mental asymnietrx of the bod\- pattern. 

The following findings are i)ertineiu: 'The tadpole is conspicu¬ 
ously asymmetrical in respirt to its respiratory apparatus. A 
spiracle, or outlet from the gill chamber, is present on the left 
side only (Fig. i). This outlet drains both left and right gill 
chambers, these being connected b\- a canal across the mid-line. 
'The forelimb is present in the gill chamber, its degree of dexelop- 
ment depending upon the general developmental stale of the 
tadpole. Both in normal and ihyroid-indttced metamorphosis 
23 
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the left limb is pushed through the spiracle, a variable amount of 
preliminary skin degeneration occurring. The right forelimb 
erupts through the skin only after the latter has undergone a 
certain amount of degeneration. This degeneration starts in the 



Fig. I. 


Fig. 2. 


Fig. I. Wntral vie^v of a tadpole of the tree frog (Ilyla crucifer) showing well 
developed forelimbs ()) still imprisoned beneath the skin in the gill chambers 
(r.g.c. and l.g.c.). The position of the sinistral spiracle (s) is shown, which drains 
both gill chambers; also the canal (c) across the mid-line which connects right and 
left gill chambers. The dotted line below the forelimbs indicates the position of 
the i^artition separating the gill chambers from the abdominal cavity. 

Fig. 2. Dorsal view of a thyroid-treated tadpole {Ilyla crucifer) in typical 
three-limb stage after the eruption of the left forelimb. Collection and retention 
of air (a) in the right gill chamber causes bulging out of the skin and interferes 
with forelimb eruption on that side. Excluding the first two days, prior left 
forelimb eruption occurs invariably. 

vicinity of the elbow, and the elbow is usually protruded first. 
Movements of the forelimb finally enable it to break completely 
through. In young thyroid-treated tadpoles, however, the fore¬ 
limbs are little developed so that the elbow is not prominent at 
the surface. In these cases the hand or whole arm appears as 
a tiny white stump after the skin degeneration has proceeded 
far enough.'* 

The administration of thyroid extract to a half-grown tadpole 
oin iously upsets the respiratory mechanism. More air is taken 

^ While ihis paper was in press, llelff (’24), at the Washington meeting of the 
American Society of Zoologists, reported a series of experiments which show clearly 
that the opercular skin autolysis preceding forelimb eruption is brought about by 
substances given off by the adjacent atrophying gills. 
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in. But apparently the animal is not yet very well fitted for 
utilizing it properly. Small bubbles of air collect in the gill 
chambers and are not expelled, or expelled with difficuliy. This 
is especially true of the right gill chamber which has no outlet 
except through the left spiracle (and, of course, the mouth). 
This proves to be the deciding factor. The left gill chamber is 
usually drained well enough except in very immature tadpoles, 
so that skin degeneration and forelimb eruption on that side are 
not interfered with. On the right side, however, the retention 
of air in the chamber causes bulging out of the skin (Fig. 2), and 
interferes to a greater or less degree with the normal eruption 
on that side, thus bringing about the typical prior left forclimb 
eruption. A tadpole in tliis stage does not |)resent a normal 
posture wlien at rest, but lloats with the right side somewhat 
elevated owing to the air in the right gill chamber. 'Fhe ditTer- 
ence between a thyroid-treated animal in this condition and 
either normal or thyimis-treated animals may be seen by com¬ 
paring I^'ig. 2 with I'igs. 3 and 4. Occasionally, in \ery young 




) 


Fig. 3. Dorsnl virw ol a normal tadpole 1 //v/d crucifer) before the eruption 
of cither foreliinb. The locati<»n of the spiracle (5) on the left side only, leads to 
a majority (70 jxt cent.) of prior left forelimb eruptions. 

Fig. 4. Dorsal \'iew of a ihymns-treated tadpole {Ilyla crucifer) showing prior 
right foreliinb eruption. Either right or left forelimb may erupt first. In the 
region of the spiracle (5) may be seen an angular projection (/>) caused by the 
pressure of the imprisoned left forclimb. 


and immature tadpoles no forelimbs erupt with thyroid treat¬ 
ment, the animals dying in the two-limb stage. In these, bubbles 
of air may be seen in both gill chambers. The pulmonary 
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development of the animal is not adequate to the demands 
imposed upon it by thyroid treatment and death results. 
Coupled with this respiratory disturbance is also the condition 
of anemia already pointed out elsewhere (Jordan and Spcidel, 
’23). The older the tadpole the more probable it is that both 
forelimbs will erupt. The pulmonary apparatus is presumably 
better developed, and the forelimbs are large enough so that 
limb movements aid both in expelling the air from the gill 
chamber and in breaking through the skin. In thyroid-treated 
animals that are near the time for metamorphosis both forelimbs 
are put out with little trouble, the sinistral location of the spiracle 
becoming of less importance. 

In a recent paper by Swingle (’23) one figure is given to show 
the effect of iodo-tryosine administration in accelerating meta¬ 
morphosis in pituitaryless Rana sylvatica tadpoles. After sixteen 
days of treatment the specimen illustrated has one forelimb, 
that one being a right forelimb. Swingle does not state when this 
particular right limb appeared but does say that two right fore¬ 
limbs broke through as early as the eighth day, the average, 
however, being about twenty days. This is an interesting obser- 
\’ation in comparison with my results after thyroid treatment; 
i.e., 100 per cent, prior left forelimb eruption after the first two 
days. It seems to mean, either that iodo-tryosine does not 
affect the respiratory apparatus in the same way as does thyroid 
extract, or that the pituitary gland plan's a role also in influencing 
symmetrical development. 

It now remains to discuss the normal condition and the 
thymus-treated condition. Three factors are considered of chief 
importance in determining forelimb eruption: (i) sinistral loca¬ 
tion of the spiracle; (2) relative degree of skin degeneration over 
the forelimb region on the two sides of the body; (3) relative 
size and strength of the forelimb. In partly grown thyroid- 
treated animals the first factor is by far the most important, 
as has been shown. In mature untreated tadpoles, however, 
this factor does not remain the all-important one. I'he fore¬ 
limbs are now so large that the left one cannot be pushed through 
the spiracle without a fair amount of pre\ ions skin degeneration. 
Sinuiltaneoiis skin degeneration occurs on both sides. The size, 
strength and acti\ ity of the imprisoned forelimb now becomes of 
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much importance. In about 30 per cent, of cases the right fore¬ 
limb succeeds in o\ ercoming the handicap of having no spiracle 
to come through, and breaks through by main strength before 
the left. In the other 70 per cent, the left limb aided by the 
sinistra! spiracle comes through first. A majority in favor of 
lefthandedness is about what should be expected. 

Mention should be made again of Barfurth’s results. In 
normal Rana fitsca tadpoles he finds that So per cent, put out the 
right forelimb first. Presumably these are like all other frog 
tadpoles in having sinistral spiracles although Barfurlh does not 
refer to this feature. He belie\’es the prewiiling righthandedness 
of this species is accounted for by two factors: (i) earlier and 
greater degeneration of the skin in the right forelimb region, and 
{2) greater size aiui strength of the right limb. As these results 
are directly oj^posed to the obserx ations of (uidernatsch, Dicker- 
.son and nnself on fi\e ^pecie.s of frog tadpoles, it can onl\* be 
supposed that there is a sf)ecies difiereiice. and that the factors 
mentioned by Barfurth are strong enough to bring about a 
majorit\' of righth*inders in this particular species. It would be 
of interest to see whether in this >pecies abo the uniform left- 
handed condition could be [)roduced by tlnroid treatment. 

'The explanation of the results .ifter thymus treatment is 
somewhat more dilficult and uncertain. It is j)robable that a 
shift toward righthandedness is here indicated. 'Fhe ratio may 
be 1:1, although on ac'count of the small number of animals 
obser\ed in the three-limb stage, this is by no means a certaintN*. 
At any rate, the lessening of the leflhanded majorit\' means that 
the as\‘mmetrical position of the spiracle becomes of much less 
importance as a factor in determining the first forelimb to appear. 

Desiccated thymus extract is a food rich in nutritive value, 
and therefore fa\A)rable to growth. Gudernatsch (’14J noted its 
growth-promoting elTect upon tadpoles and ascribed it to the 
endocrine secretion of the tin inu'^. rhienhuth (’17) though he 
combats Gudernatsch’s idea as to the grow th elTect being due to 
an endocrine secretion contained in the thymus extract, states 
that it is a very rich and nutritious food and therefore cjuite 
favorable to growth. The writer has also observed that it is 
particularly favorable to limb growth. In one batch of parth’- 
grow’ii tln nuis-treated green frog tadpoles the small hind limbs 
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became quite red and \'ascular and grc^v rapidly, almost remind¬ 
ing one of the effect of thyroid extract. The writer became 
suspicious of the thymus extract used and had it analyzed for 
the presence of iodine.^ The analysis ga\'c negative results. 
The later history of the tadpoles showed that only growth in 
size of the larval structures was being stimulated, and not differ¬ 
entiation. There was no acceleration in skin degeneration of the 
forelimb region, except that caused secondarily by pressure of 
the growing forelimb. There was likewise no reduction in the 
tail, but on the contrary growth. With thymus treatment limb 
growth appears to proceed relatively faster than the general 
process of body differentiation. As a result, the forelimbs en¬ 
closed beneath the skin reach a comparative size and strength, 
such that they become the important factor in determining the 
time of eruption. With increasing limb size the spiracle becomes 
less important since the forelimb cannot be pushed through it 
without complementary skin degeneration. Since size of fore¬ 
limb and amount of skin degeneration on the two sides are about 
ec|ual in the species under observation a more equal ratio of 
righthandedness to lefthandedness results. 

The writer does not wish here to enter the controversy as to 
whether or not the thymus extract has a specific endocrine con¬ 
tent. Its effect upon symmetry in forelimb eruption in tadpoles 
seems to be best explained on the grounds given above; f.e., its 
unquestioned value as a highly nutritious and therefore growth- 
promoting food. It is not necessary to assume a specific endo¬ 
crine effect, 'rhis much, however, may be added. Thymus 
gland is largely lymphoid tissue. In the light of Carrel’s work 
showing the growth-promoting effect of leucocytic secretions or 
“trephones” (’24), and the confirmatory observations of Jordan 
and Speidel (’23) on lymphocytes in rapidly growing regions in 
tadpole metamorj)hosis, it would seem probable that growth- 
promoting substances (trephoncs) of lymphocyte origin would be 
present in thymus extract. 

In conclusion, it may be |Jointed out that these observations 
and their interpretation, though of little importance in them¬ 
selves, suggest the jxissibility of the following iwineiple operating 

^ The analysis was made l)y Mr. T. F. Otto, of the University of Virginia Med¬ 
ical School. 
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in any vertebrate animal in process of development: A change in 
the normal balance of thyroid secretion may lead to a change 
in the symmetrical development. Stockard (’23) has emphasized 
the general importance of thyroid secretion in the development 
of man and mammals and its part in determining the production 
of definite types. These results on forelimb eruption in tadpoles 
indicate that thyroid secretion may be of some importance also 
in influencing sN inmetrical de\’elopmenl. A vertebrate animab 
though designated as bilaterally symmetrical, is. of course, asym¬ 
metrical in many respects, c.^., the visceral pattern, much of the 
vascular system, etc. (aven an original asymmetrical condition 
it is possible that the thyroid may exert its elTecl upon the two 
sides of the body in a differential way. 

St'MM ARY. 

The bilaterally symmetrical (le\elopment of the frog larva 
is afifectcd in a definite way by experimental hyperthyroidism. 
Xormally in tadpole metamorphosis the left forelfmb eru|)ts 
first in al)out 70 |>er cent, of c.ises. W'ith thyroid-accelerated 
metamorphosis of half-grown tadpoKxs practicalK* 100 per cent, 
will put out the left forelimb first. Of 133 thyroid-treated ani¬ 
mals of this kind every one protruded the left forelimb first. In 
the case of full-grown tadpoles already near the time of forelimb 
eruption, thyroid treatment may be followed during the first 
two days by some prior right forelimb eruptions; thereafter prior 
left foreliinb eruption obtains. In other \vor<-ls, an original bias 
of an animal toward prior right forelimb eru|)tion may not be 
changed by tluToid iidministration within two da\'s. 

This elTect of the thyroid on symmetrical development is 
explicable in terms of the original asymmetrical pattern of the 
respirator}* apparatus (/. c., sinistrally located spiracle) cou|iled 
with the close anatomical relation of the forelimb to this ajipa- 
ratus. 

Thymus treatment brings about a larger iiercentage of prior 
right forelimb eruptions, thus reducing sertnewhat the normal 
majorit}' in favor of prior left forelimb eruption. 
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1 . L\ rUDDl ( Tl()\. 

'I'he fa('t that tlic inas.s of a body irtcrcasc.s as the cube of the 
linear dimension, while the surface incre4ises as the square, lias 
long been recognized as of importance in biolog\’. Leuckart 
(1853) uses it t(j explain the necessity for increased surface as an 
organism becomes hirger, a necessiis' which is met in animals by 
inpushings and the dexelompent of a distributing system; in 
plants by outgrowihs. Herbert Spencer (187,^) says: “Why 
has the indixidual a growth limit? ... In similarly shaped 
bodies, the masses \Mr\' as the cube of the dimensions, whereas 
the strengths \ary as the scjuare of the dimensions.” He 
applies this idea to an indi\idual whose height doubles in a 
given growth jieriod; the mass has been multiplied by eight, but 
the strengths of muscles and bones, being proportional to their 
cross section, are multiplied by only four, d'he absorbing surface 
is also multiplied by four, while the mass to be nourished by the 
material absorbed is multiplied by eight. It is only a step farther 
to apply the same idea to cell size. The writer was unable to 
learn who first did this. 
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Since the absorbing surface of a cell increases only twice as 
fast as the radius, while the mass to be nourished by absorbed 
material increases four times as fast, it follows that there is a 
definite size limit to cell growth: and further it is evident that 
the absolute size attainable by any given cell is inversely propor¬ 
tional to its rate of consuming the material absorbed. In other 
words, a sluggish cell may absorb the relatively small amount of 
material needed for its activity through a smaller surface than a 
more active cell, with its greater requirements of material; or 
the sluggish cell could grow to a larger size than the active one 
and still get sufficient material through its surface. If this is 
true, then one may reasonably expect a sluggish animal to have 
larger cells, while a more active animal would reciuire smaller 
cells. 

The research described in the present paper was started with 
the idea of obtaining some experimental data which might indi¬ 
cate whether the assumption stated above is true, and therefore 
whether the size of cells might be of fundamental importance in 
the activities of an animal. The Amphibia were chosen for 
experimental material because they have quite large cells which 
can be measured with less error than smaller cells, and because 
the Amphibia are known to vary quite widely in both cell size 
and activity. 

Gulli ver (1875) published measurements on the blood cor¬ 
puscles of 650 species of \Trtebrata; including 3 Cyclostomata, 
II Elasmobranchii, 75 Pisces, 17 Amphibia, 38 Reptilia, 265 
Aves, and 241 Mammalia. Perusal of his figures with a con¬ 
sideration of the relative degree of activity of the various animals 
indicates a general agreement with that to be expected if cell 
size does vary inversely with activity, but there are numerous 
exceptions. Most of these exceptions can be explained on the 
basis of the size of the animal, for Gulliver points out that, within 
a limited group, the size of the red blood ('orj)uscles increases 
with increasing weight of the members of the different species 
considered. That acti\at)’ may be of importance in connection 
with cell size is indicated by the fact that, among the Mammalia, 
the smallest corpuscles are found in the deer family, the largest 
in the elephant, porpoise, antealer, and sloth and near the 
a\'erage size among the C'ariiivora. Among the Cheiroptera the 
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fruit-eating bats have distinctly larger corpuscles than the insect 
eaters. Among the birds the largest corpuscles are found among 
the Cursores, and the smallest among the insect-eating passeri- 
form birds. Among the reptiles the Chelonia have distinctly 
larger corpuscles than the Sauria. The corpuscles are much 
larger in the Caudaia than in the Salientia. and larger in the 
Klasmobranchii than in the Pisces. 

Other workers who have gi\'en measurements of red blood cells 
are W’eckler (1863), Mala^^ez (1872), Formad (1888), Wormley 
(1888), and Forrest (1913). I'orrest and Malassez also made 
counts. 'I'hese run in iiuerse ratio to the size, although there 
are exceptions. A comparison of the measurements of amphibian 
corpuscles by different workers will be found later. Reichert 
and I^rown (1909) re\ ii*w the work which has been done on red 
blood cell size and state that attempts to correlate the size of 
these cells with the rapidit\' of the animals’ movements are 
founded on insufricient or erroneous data. 

Hartmann (i9H)a) .show-, that the chloroplasts in de\'eloj)ing 
lUodca leaves are smaller and more numerous in plants grown at 
higher temperatures, as contrasted with the larger and less 
numerous chloroplasts in plants grown at lower temperatures. 
SiiH'e the metabolism of the lea\'es is certainly speeded up with 
increased temper.iture, this obserwition falls well in line with 
the idea that a high rale of acti\ ity is associated with small size. 

C'hambers (1908) siunss that there is considerable \ ariation in 
the size of tlu‘ eggs of Rann csculcnta and R. temporaria, that the 
larger eggs (!e\elop a little more rapidh' than the smaller ones, 
and that there is a much higher percentage of mortality among 
small than among large eggs, especially when grown at higher 
temperatures. He shows that the size of the cells in the frog 
N'aries with the size of the egg from which the frog de\’eloped; 
and that eggs allowed to de\’elop at higher temperatures invar- 
iabh' yield smaller frogs with smaller cells than those developed 
at lower temperatures (size taken at time of metamorphosis or 
earlier). Tadpoles in crowded cultures are smaller than those 
with more room, but this does not affect the size of the cells. 
Morgan (1904) worked on dwarf frog eggs which had only 
about half the volume of the normal eggs, and showed that the 
cells in the developing dwarf embryos tend to remain smaller 
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than nornial. Berezowski (1910) worked on the size of the 
intestinal cells of the white mouse during development, and 
shows that these cells become larger as the animal grows. 

Krogh (1916) gi\'es comparative tables on basal metabolism 
as it has been worked out by \Tirious workers on different animals. 
These figures indicate that there is a general agreement between 
activity as measured b\' basal metabolism, and cell size as meas¬ 
ured on the red blood cells by Gulli\'er (1875), inverse ratio. 
Figures given by dilTerent workers on metabolism vary cjuite 
widely, and this is true to an extreme degree of Amphibia. For 
instance Regnault and Reiset (quoted in Morat and Doyon, 1900) 
found that 0.063 tug. of CO2 was eliminated per gram of frog 
per hour, while Krogh (1916) gives a figure which corresponds to 
0.3686 mg. of CO2 per gram per hour. 

II. Material and Methods. 

As many different species of Amphibia were used as it was 
possible to obtain. Acti^'ity was measured in terms of carbon 
dioxide output. This was measured by fixing the gas as a pre¬ 
cipitate of barium carbonate in a barium hydroxide solution. 
In detail the method consisted in sucking air by means of a filter 
pump through one 8-inch tube of concentrated potassium hydrox¬ 
ide, two 8-inch tubes of soda lime and a gas washing bottle con¬ 
taining strong barium hydroxide. This series was to remove the 
carbon dioxide from the atmospheric air. The stream of air 
then passed into a respiration chamber containing the animal. 
Even when air breathing animals were used some water was 
always placed in the bottom of this chamber to keep the skin of 
the animal moist. From the respiration chamber the air current 
passed through two or three gas-washing bottles containing a 
carefully measured amount of standardized barium hydroxide. 
Special care was taken to see that the air was broken up into fine 
bubbles as it passed through these bottles. To accomplish this 
the end of the inlet tube was drawn out into two fine points, 
d'he bulb t>'pe of bubbler was found unstaisfactory because it 
was loo easil}^ broken in the numerous manipulations incident to 
making a long series of determinations; and because a finer 
stream (A bubbles could be obtained by the method described. 
Suction tubing was used in making connections, and special 
precautions were taken to avoid leaks. 
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Standard solutions were made by preparing a stock solution of 
X/io oxalic acid by weight, X '10 barium hydroxide standardized 
against this, and X/io hydrochloric acid standardized against the 
barium hydroxide. F^henolphthalein was used as an indicator in 
preparing the standards and in the actual determinations. A 
preliminary aeration was run with the animal in the respiration 
jar, but without the collecting bottles, for one hour. The col¬ 
lecting bottles were then placed in the series, and aeration carried 
on for a measured length of time, 8-24 hours. At the end of this 
aeration the collecting jars were removed and the excess of 
hydroxide titrated immediately by means of X 10 h>'drochloric 
acid. The amount of h\'droxide used by the carbon dioxide was 
thus obtained by dilTerence, and the amount of carbon dioxide 
collected computed as per gram body weight per hour. 

Ail determinations were made on starving animals and at room 
temperature, which \ aried between 20 and 23® (\ 

Truog (1915) describes a method of determining carbon dioxide 
by passing air througli a tower contviining barium hydroxide and 
glass beads. 'Fins method would be more accurate than the 
one used here, but the method was unknown to the writer at the 
time when the experiments described in this paper were under¬ 
taken. It is felt that the method used here yields results of c'om- 
paratixe x’alue, which is all that is needed. dViiog shows that 
the barium carbonate present with the hydroxide does not hinder 
accurate titration, and that the barium hydroxide method of 
determining carbon dioxide is xery accurate. 

Red blood corpuscles xxere used for measuring cell size. Most 
of the animals used xxere those on xvhich carbon dioxide deter¬ 
minations had alreadx* been made. The animal xvas killed either 
bx* pithing or xxith chloroform, and blood taken either from the 
heart by means of a sx'ringe or from the tail x ein. Thin smears 
xvere made on slides, dried in the air and stained xvith Wright’s 
stain. In many cases blood counts on both red and xvhite 
corpuscles xvere made, and tissues fixed in Bonin’s fluid for section 
later in order that other cells might be measured. The blood 
counts and tissue cell measurements are not included in the 
present paper. The latter agree reasonably xvell xvith the results 
gixen for red blood cells, xvhile blood counts are found to xar>’ 
xvidely xvith the physiological condition of the animal. Of course 
in general animals xvith larger cells have smaller numbers. 
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Red blood cells were measured by means of a scale which was 
so constructed that each di\Tsion on the scale corresponds to one 
micron in the oil immersion field (B. (S: L. 1.9 mm. obj.) with lox 
ocular and 160 mm. tube length, when the scale is placed on the 
table beside the microscope and viewed through a camera lucida 
with mirror set at an angle of 45° and the arm length set at 103 
mm. With the aid of this scale the dimensions of red blood 
cells were measured, 50 cells being measured from each slide, and 
from one to five slides being used for each animal studied. From 
the average length and width thus obtained the surface of the 
average corpuscle for each animal was computed, assuming no 
thickness, from the formula 7rLIF/2 where L is the maximum and 
TF the minimum diameter. This formula follows from the for¬ 
mula for a regular ellipse, 7ra&, where a and b are the long and 
short radii. The surface is used as the significant figure rather 
than the length and width because all corpuscles are not the 
same shape, length and width have different ratios, and therefore 
the dimensions do not give a direct index of size. 

III. Results for the Different Species of Amphibia. 

Table I. gi\’es the results for the various species used. Where 
a si)ace is left blank, no data were obtained on the particular 
point concerned. I'or instance it will be noticed that sex is not 
given in a number of cases, and in the same cases usually no 
blood cell measurements are given. In these cases the animal 
died and it was not considered safe to make blood cell measure¬ 
ments on such animals in which post mortem changes had had 
time to occur. Therefore they were not aulopsied at all, and 
thus no data were ol)tained on sex. In several species it was 
impossible to obtain sam[)les for carbon dioxide determinations, 
although one or several had already been used for blood smears. 

A short descrii)tion of the material and results for each sj)ecies is 
gi\'en below. The species are taken in the same order as in the 
table; that of red blood cell size. 

Amphiuma means (Gordon).—This species has the largest 
corpuscles known for any amphibian. Three adult specimens 
and one }’oung were obtained from New Orleans. Measure¬ 
ments of carbon dioxide output were made at intervals o\'er a 
period of two weeks. The animals showed e\'idence by their 
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Table I. 


Cell Size and Carbon Dioxide Production for the Different 
Individuals Used in Each Species Studied. 


Specimen, 
Sex and 
No. 



CO. .Mr. 

Num- 

Weiftht, 

rK*r Cm. 

her 

Grams. 

\Vt. per 

of 


Hour. 

Trials. 


Red Blood Corpuscles. 


Number 

Micra 

Micra 

Sq. Mic. 

Measured. 

Lcnsth. 

Width. 

Area. 


Amphiuuia means. 


F I. 

large 



50 

62.8 

35.42 

3.494 

K 2. 

41.4 

0.0920 

3 

150 

60.9 

34S 

3.329 

3 . 

1.243 

0.02136 

3 

50 

62.18 

36.S 

3.594 

4 . 

1.270 

0.02146 

3 

50 

62.06 

37.42 

3.94S 

5 . 

1.500 

0.02125 


50 

61.0 

3904 

3.741 


Xfi turns rnaculo^us. 


1' 2. 

154 

0.0420 


250 

53. 7 « 

30.8 

2.602 

M 3 -. 

194 

0.041 ^ 

5 

250 

57-45 

30.62 

2.763 

I' 4 . . • 

I 26 

0.05285 

16 

250 

54-568 

27.496 

2,357 

M 5 . 

KV> 

0.0548 

.1 

250 

50.152 

26.012 

2,049 

M 6. 

115 

0.0532 

10 

150 

52 . 3 t «6 

26.46 

2.177 

M 7. 

126 

0 05576 

13 

25 

55.52 

29.24 

2.550 

1' 8. 

57 .^> 

0.0<;22 

12 

250 

51144 

3 o. 9 i >4 

2.489 

M 9. 

55-7 

0.1060 

13 





M 10. 

S<) 

0.088 \ 

1 

50 

54-44 

30.54 

2,61 2 

11. 

47 

0. 1399 

2 





!•' 12. 

75 

0.091 5 

1 





F 13 . 

93-5 

O.OS42 

2 





M 14. 

92 

0.075 J 

I 

50 

54.04 

25.7 

2.1S7 

15. 

74 

0.1051 

1 





F 16. 

44.3 

0.1 208 

3 

50 

5 o. 3 « 

31 -66 

2.505 

F 17. 

64 

O.I 192 

2 

50 

53.72 

25.28 

2.133 

18. 

194 

0.0599 

1 






Crypiohranihusallegduiensi':. 


I. 




50 

41.12 

23 16 

1.496 

Diemyclylus i iriJe^i ens. 

■ . 




29.64 

17.76 

827 

Rana iOtesbiana 

\' I. 

455 

0.0629 

4 , 

250 

.5.-> 1 

13 032 

516 

F 2 . 

604 

0.0527 

3 

250 

27.324 

13.444 

578 

F 3 . 

714 

0.<15257 

4 

50 

25.58 

12.86 

517 

F 4 . 

510 

0.0929 

5 

50 

25.62 

16.18 

651 

M 5 . 

361 

0.067 I 

3 

250 

26.836 

13.176 

555 

6 . 

503 

0.0584 

3 





M 7 . 

388 

0.0704 

3 

50 

25-38 

14.14 

564 

8. ...*.. 

492 

0.0627 

3 





M 12. 

507 

0.0876 

3 

50 

24.48 

13.84 

532 

F 13. 

411 

0.0699 

3 

100 

26.07 

16.82 

702 

14. 

361 

0.0787 

3 





1 ' 15. 

62S 

0.0843 

3 

50 

23.86 

14.16 

531 
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Table I.— Continued. 


Specimen, 

Weight, 

Grams. 

COi Mg. 
per Gm. 

Wt. per 
Hour. 

Num- 

her 

of 

Trials. 

Red Blood Corpuscles. 

Sex and 

No. 

Numl^cr 

Micra 

Micra 

Sq. Mic. 



Measured. 

Length. 

Width. 

Area. 


Rana damilans. 



I. 




530 

22.072 

12.498 

433 

F 

2. 

19 

0.1794 

4 

250 

23.236 

12.22 

446 

M 

3 . 

7.1 

0.1359 

4 

100 

23.64 

11.03 

409 


Rana pipiens. 


F 

1. 

43-4 

0.13S6 

9 

100 

19.53 

12.56 

385 

M 

2. 

25.4 

0.1422 

17 

150 

20.37 

11.32 

362 

F 

3 . 

45.8 

0.1768 

7 

250 

21.078 

14.192 

470 

M 

4 . 

27.0 

0.2026 

5 

250 

22.96 

13.644 

492 

M 

5 . 

30.5 

0.1762 

13 

50 

19.86 

13.78 

421 

M 

6. 

33.6 

0.1394 

10 

50 

21.24 

12.96 

432 

V 

7 . 

59.0 

0.1795 

3 





F 

8. 

43.5 

0.1931 

6 

50 

18.46 

13.42 

389 

F 

12. 

54.7 

0.1145 

2 





F 

13. 

52.6 

0.1314 

I 





M 

14. 

32.7 

0.H03 

I 





F 

15. 

40.8 

0.1765 

5 





M 

16. 

28.9 

0.2002 

7 





M 

17. 

14.4 

0.2037 

I 








Rana palusir 

is. 





I. 




100 

20.47 

13.94 

448 

F 

2. 

5.7 

0.2742 

5 

200 

20.11 

12.705 

401 

M 

3 . 

3.6 

0.2918 

8 

250 

19.12 

12.16 

365 

F 

4 . 

3.7 

0.2531 

9 

250 

20.384 

12.152 

389 

I' 

5 . 

3.9 

0.1710 

2 

100 

21.58 

12.44 

422 


6-17.... 

3 (> 

0.1603 

2 






18. 




50 

20.7 

13.96 

454 

M 

19. 




150 

19.13 

12.47 

375 


Ilyla pickeringii. 


1. 




50 

19.44 

11.2 

342 

Airis grylilts. 

I. 




50 

17.82 

11.18 

313 

2. 




50 

17.7 

10.6 

295 
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Table I.— Continued. 


specimen. 
Sex and 

N’o. 



CO: .Mg. 

Num¬ 

Weight, 

per Gm. 

ber 

Grams. 

Wt. per 

of 


Hour. 

Trials. 


Red Blooa Corpuscles. 


Number 

Micra 

Micra 

Sq. Mic. 

Measured. 

Length. 

Width. 

-■Vrea. 


Chorophilus 





50 

17.96 

10.04 


Buio americanns. 


K 2 . 

11 

0.1831 

5 

250 

16.044 

9.6S4 

244 

3 . 

1.9 

0.2069 

I 






feces of hnvint; eaten recently. Tlie baby si)ecinien was killed 
and blood smears made immediately at the termination of the 
carbon dioxide output measurements; the adults were bled from 
the tail vein after six weeks. 

Xecturus maculosus (Ratmesc|ue).—All specimens except the 
first two used were collected from Lake Mendota at Madison. 
They were kept in cold running water without food until used. 
hVom the time of the first determination on an indixidual until 
it was killed or died it was kept at room temperature. The 
first two specimens were received from dealers, and their source 
is unknown. In this species starvation was carried on over a 
long period of time, and its elTect on metabolism studied. Indi- 
v'iduals of widely varying weights were used and the elTect of 
weight on metabolism noted. The results of these experiments 
will be described later. 

Cryptobranchus allcganicnsis (Laiidin).—The single specimen 
used was a laboratorv* specimen of unknown source from which 
blood smears were made. No individuals were available when 
needed for metabolism tests on account of the cold weather. 

Dicmyctylus viridescens (Rafinesque).—One specimen was used 
for blood smears. It was collected in New York state during 
the summer, and blood smears w'ere made in the fall. Probably 
the animal had not eaten in the meantime. 

Rana catesbiana (Shaw).—Twelve specimens were obtained 
from New Orleans. Specimen Xo. i had had the lower jaw 
broken at some previous time, and it had healed in such a manner 
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that eating was impossible and the animal was in an extreme 
state of starvation. The other specimens showed signs of having 
recently eaten, and were well fed. They were kept at a tempera¬ 
ture of about 12° C. when not being used for carbon dioxide 
output tests. Attention is called to specimen Xo. 4, which 
shows an unusually high carbon dioxide output. It is not in¬ 
cluded in the general average for the species in Table MIL 
The detailed record for this animal follows: 2/10—0.0653, 2/29 
—0.0639, 3-C)—0.1208, 4/18—0.1037, 4/20—o.iiio (dates of 
determinations and carbon dioxide output figures). X’o explana¬ 
tion is found for this strange behavior; starting with approxi¬ 
mately a normal carbon dioxide output value, jumping to twice 
the normal, and remaining there. That the phenomenon is not 
due to an acute infection is indicated by the fact that the animal 
appeared normal on autopsy a month after the final test. 

Rana clamitans (Latreille).—Two specimens were collected 
near Madison and kept at room temperature until used three 
months later. They had no food during this time. Blood 
smears were made from No. i immediately after it was collected. 
The low value for carbon dioxide production with the small 
animal is probably due to the extreme emaciation of this speci¬ 
men. Neither cell size nor activity results differ essentially 
from those of the following species. 

Raua pipiens (Shreber).—The specimens used were from 
several shipments from supply houses. Some of these animals 
were starved at room temperature for a long time, and the 
effects of lack of food on metabolism were noted. No appreciable 
decrease in metabolism resulted until the animal had reached 
an extreme state of starvation. No. 2 lost 47 per cent, of his 
body weight before any marked drop in carbon dioxide output 
per gram of bod>' weight was obtained. Several specimens died 
of disease. The results of the study of metabolism during the 
course of the disease will be described later. 

Rana palustris (Le Conte).—The specimens used were collected 
near Madison in the late fall. They were kept at room tempera¬ 
ture and used for carbon dioxide output tests o\'er a period of 
two months. At the end of this time they were all very weak 
from starvation. Nos. i, 2, and 3 were killed while still in good 
condition. No. 5 and Nos. 6 17 were tested when near death 
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from starvation. Xo. i8 was starved, while Xo. 19 was used 
for blood smears within a few days after being collected. 

Ilyla pickeringii (Holbrook).*—One specimen was collected and 
blood smears made before the carbon dioxide tests had been 
started. Xone were available while tests on metabolism were 
being made. 

Acris grylliis (Le Conte).—Two specimens were collected from 
the field and blood smears made. Time was lacking to make 
carbon dioxide output tests. 

Chorophiliis nigritiis (Le CoiUe).—See note on IlyUi pickeringii. 

Biifo amcricanus (Le C'onlej.—Two specimens were collected 
and slar\ed at room temperature three months before using. 
Xo. 3 died of star\ation after onl\' one test for carbon dioxide 
had been made, and blood could not be obtained for smears. 

I\'. C'oNTkoi.s. 

. 1 . Cell Size. 

I. Blood corpuscles ma\' shrink as smears dry. Howe\'er the 
same methods were u.^ed on all specimens, so that the results 
should be comparable. 'I'hat there is a certain amount of differ¬ 
ential shrinking due to ditTerences in ihickness of smear is sug¬ 
gested by comparing measurements from dilTerent slides made 
from the same individual, h'or instance the fixe slides of blood 
from Rana clamitans Xo. 2 ga\e the following series of averages 
of 30 corpuscles from each slide: 23.()8 x 13.02, 22.92 x 11.66, 
23.32 X 12.08.23.1 X 12.32 and 22.86 .\ 12.02. Some of this varia¬ 
tion may have been caused by dilTerences in the corpuscles which 
happened to be measured, but most of it was probably due to the 
nature of the smear. With the slide which averaged 23.98 x 13.02 
the first 25 corpuscles measured 23.84 x 13.12, while the last 25 
measured 24.12 x 12.92. The method used is that of Gulliver 
(1875) except for the fact that he does not appear to ha\ e stained 
his smears. Ceorgopolus (1906) states that dry preparations 
arc unreliable because the si/e of the cells is like!}' to \'ary with 
the thickness of the film, and states his preference for the wet 
method. This consists in placing a small drop of fresh blood 
on a clean slide and quickly placing on a co\'er. The corpuscles 
are then measured immediateK*. This method has been found 
useless for Amphibia because the corpuscles are distorted by the 
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treatment. For the smaller mammalian corpuscles it is an e.xcel- 
lent method. The one attempt which was made to use the wet 
method gave sizes which checked fairly well with measurements 
from dried smears. It was found to be difficult to use an oil 
immersion objective on a wet preparation, and it was difficult 
to find corpuscles which were not distorted. 

For convenience of reference for the reader, and to show how 
the present measurements check with those given by other 
workers, Table II. has been prepared to show the sizes of am- 

Table II. 


Measurements on Amphibian Red Blood Corpuscles as Made by 
Different Workers. 


Species. 

Gulliver. 

W’eckler. 

Wormley. 

Forrest. 

Morat 

and 

Doyon. 

Amphiuma tridacly- 

lum (means) . 

Proteus angineus. . . 

Siren laccrlina . 

Cry piobranchus ja- 
ponicus . 

69.9 X41.3 
63-5 X34.94 

60.47x33.42 

56.45x31.75 

45.11x25.4 
44.8 X25.4 
31.75x19.84 

58.2x33.7 

70.9x40.9 


58.0x35.0 

Cryptobranchus alle- 
ganiensis . 





Siredon humboldlH .. 
Lissolriton punctalus 
Salamandra . 



37.8x23.8 

29.3x19.5 

22.3x15.7 

21.8x15.9 


Triton bibronii . 

Triton cristatus. . . . 
Rana . 

29.95x19.84 

29.95x19.84 

29.3x19.5 

22.3x15.7 

30.2x18.2 

23.3x14.1 

29.3x19.5 

22.3x15.7 

Rana esculenta . 

Rana ternporaria. . . 
Bufo . 

25.4 XI7.58 

22.92x13.95 

Bufo vulgaris . 

24.35x12.7 

19.05x13.4 



Bufo clamita . 











phibian corpuscles according to the measurements of other 
workers. The writer’s measurements are not included here 
because they are mostly on different species, the table would 
therefore be much longer, and the measurements are found 
elsewhere in this paper. 

2. It is possible that some of the animals studied by the writer 
show abnormally small corpuscles on account of extreme star\'a- 
lion. Nccturus No. 6 and Ratm pipiens Xo. 2 are cases with 
extreme starvation and small cells. However, Neclitrits Nos. 7 
and 8 and Raua pipiens Xo. 5 also underwent extreme starvation, 
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and show relatively large cells. Rana paliisiris No. 19 was 
collected from the field and blood smears made immediately, 
yet this specimen shows the smallest corpuscles measured for 
this species. On the other hand Raiia palustris No. 18 shows the 
largest corpuscles of the species, and was used when in an 
extreme state of starvation. There seems to be no correlation 
between cell size and degree of starvation, as judged by the size 
of the red blood cells. 

B. Carbon Dioxide Determination, 

1. The apparatus used has two inherent defects. These are 
not considered to be of sufficient importance to alTect the results 
for the relatixely large amounts of carbon dioxide measured, 
rhey are, first that rubber tubing was used for all connections, 
and second that soft glass bottles were used for collecting jars. 
•Rubber tubing has been shown to have a selecti\e absorption for 
carbon dioxide, but this should not be important considering 
the short lengths of tubing used, the rapidity of the air stream, 
and the relatively large amounts of carbon dioxide collected. 

2. To learn whether the tra()s to reinoxe carbon dioxide from 
the air before it entered the respiration chamber were taking 
out all the gas, a gas washing bottle containing a carefully 
measured amount of standard barium hydroxide was placed 
between the traps and the re^piration chambers. 22 hours of 
raj^id aeration yielded 5.06 mg. of C'()2, c)r 0.23 mg. per hour. 

3. 'Po learn whether some of the expired ('Oo was getting by 
the collecting jars, a barium hydroxide bottle as in the previous 
case was placed between the collecting jars and the pump. A 
rapid stream of air passing through two respiration jars and 
two sets of collecting jars (in panillel; one for Secturus, one for 
Rana pipiens), was sucked through this jar for 26 hours. 28.6 
mg. of COo were collected, or i.i mg. per hour. Subtracting 
from this figure the amount introduced into the jars with the 
inhaled air, it appears that 0.87 mg. per hour of COo was being 
lost from the system. The animals in the jars weighed 93 grams, 
so that the loss is 0.00936 mg. per hour per gram weight of the 
animals. This is about an 8 per cent, loss for Necturus and 
about 6 per cent, for the frog. For the larger animals an addi¬ 
tional collecting jar was used. This of course tended to keep 
down the loss. 
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4. Leaks were practically eliminated. It was possible to de- 
N'elop a strong negati\'e pressure in the jars, close all valves, and 
allow the apparatus to stand for several hours with no appre¬ 
ciable diminution of pressure. 

5. The negative pressure in the respiration jars a\eraged 
about 2 cm. of mercury. This factor was practically constant 
for the entire course of the experiments. 

6. Measurements of the rate of flow with the air current 
mo\'ing at as near the average rate as was possible to judge 
yielded two minutes for each liter of air. This stream was 
diN’ided between a jar of four liters capacity (used for Xecturus^ 
Rana cateshiana and Amphiiima) and one of one liter capacity 
(used for the smaller animals). Tests on each jar separately 
showed that the air in the large jar was being changed every 
eleven minutes, while that in the small jar was changed exery 
five minutes. This should be sufficient speed in each case to 
keep the atmosphere around the animal relatively free of carbon 
dioxide. Attempts to cut down the rate through the small jar 
to more nearly equal that of the larger jar were unsuccessful 
because it was found that, with too slow a rate, the holes in the 
bubblers in the gas collecting jars became clogged with precipitate 
of barium carbonate and the aeration stopped, 

7. Determinations of the dissoK ed carbon dioxide in the water 
surrounding the animal at the end of the preliminary acTation 
and again at the end of the final aeration yielded approximately 
the same figure in each case. For instance, while a carbon 
dioxide test was being made on a bull frog, no titratable CO2 was 
found in the water used in the jar, 5.5 mg. CO2 per 100 cc. 
were present in the water at the end of the preliminary aeration, 
and the same figure at the end of the final aeration. 

8. Several blanks were run with the regular amount of water 
in the respiration jars, but without animals, and one with a com¬ 
pletely empty jar. The results of these trials are shown in 
Table 111. 

For all the above tests 250 cc. of Xy'io barium hydroxide were 
measured into two gas-washing bottles, and the bottles filled to 
capacity (300 cc.) with distilled water. This same procedure 
was followed in filling the jars for the regular carbon dioxide 
output tests. For numbers 7 and 8 solutions were used which 
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were not quite standardized. Therefore No. 8 is of value only 
in comparison with No. 7. Subtracting the two it is found that 
the 14 hours of aeration resulted in the accumulation of ii mg. 
of CO2, or 0.785 mg. per hour. Comparing this with No. 6 it is 
seen that 1.275 hour resulted from the presence of 

water in the respiration jar in the aeration numbered 6. The 
source of this COn is the dissolved bicarbonate of the water, 
which gradually liberates carbon dio.xide when CO2 free air is 
bubbled through it. This is not a factor when an animal is in 
the jar, as is shown by the determination recorded above of the 
amount of dissolved C'Oo in the water surrounding a respiring 
animal; sufficient to prevent liberation of the gas from the 
bicarbonate. Trials Nos. i, 2, 3 and 5 indicate that this com¬ 
bined CO2 comes out fjuite slowly. No. 4 represents the 
degree of accuracy wliich ran be expected from the titration. 
'Phis figure represents o.s cc. of N 10 barium Inalroxide in 250 
cc. ; and thus is an error of 0.32 per ('ent. 

Table III. 


Blank Ti vrs on* Cakhon* Dio.xidi:. 


Trial 

.No. 

1 Irs. of 
Atraiion. 

Mk. ( ()t 

Mk. CO, 

t*< r Hour. 

lOm.irk . 

I 

5 

5.02 

I.oi J 

Small jar. Oiu* lurr tapacity. 

2 

9 

5.72 

0.03 s 

Small jar. 


M 

a. JO 

<^•597 

Small jar. 

4 

0 

i.:(> 

— 

'I reaiod as for aeration, but titrated im¬ 
mediately. 

5 

27 

11.9S 

‘>•44 } 

Small jar. 

(i 

24 

M 

49.5 

2. oft 

Large jar. I'onr liter'i cap. 


(24) 

1S.4S 

0.4 SO 

No water. Large jar. 14 hrs.* at‘ration 
plus 24 lirs. standing. 

S 

(iS) 

7.48 

0.197 

Parallel with No. 7. No aeration; 
standing. 


It ajipears, then, that the carbon dioxide collected in the blank 
aerations is from three sources: (i) that due to the liberation 
of the bound CO2 of the water, (2) that caused by residual COo 
in the atmosphere of the respiration chamber at the end of the 
preliminary aeration, and (3) that resulting from CO2 getting 
through the air washing system before the air enters the respira¬ 
tion chamber. Of these only the last is of importance in pro¬ 
ducing error, the others being eliminated by the presence of a 
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respiring animal in the jar. This factor has already been shown 
to be overcompcnsated by the loss resulting from incomplete 
absorption of the carbon dioxide by the barium hydroxide. 
Inasmuch as the first two factors are important, they would tend 
to neutralize this loss. It is therefore concluded that the method 
is sufficiently accurate to allow for making comparative carbon 
dioxide output determinations on the animals used. 

Indirect evidence that the factors discussed above are not 
important in producing error is obtained by comparing the 
results obtained on different animals. Errors caused by the 
passing through of excess carbon dioxide would tend to increase 
the apparent result for small animals more than for larger ones, 
while for small animals the error resulting from the loss of carbon 
dioxide that was not absorbed would tend to be minimized. 
With these ideas in mind, if one looks at the results for Rana 
palustris (Table I.) it is apparent that Nos. 6-17 have within 
the limits of variation the same carbon dioxide output result 
as No. 5, although the latter has twelve times the chance of 
being thrown off by the errors as have the former. Again Biijo 
americaniis shows only slightly higher results for a 1.9 gm. 
individual as for an li gram one, and Rana claniitans shows a 
lower result for the lighter animal. 

\". CoMPLic.\TixG Factors. 

A . Cell Size. 

I. If the figures presented in this paper are compared with 
those obtained by other workers, it will be found that they run 
decidedly low. Measurements are presented for the same species 
only in the case of Amphiuma and Cryptohranchus, but the indica¬ 
tions are in the same direction for the frogs and toads, in which 
different species have been used here than those used by other 
workers. There are two possible causes for this difference; first 
that the writer has obtained shrinkage of the corpuscles, as 
previously pointed out, and second that the measuring technique 
used is faulty. Several attempts have l)een made to check the 
latter point. The scale used has been repeatedly compared with 
a Zeiss stage micrometer, and found to be accurate. By means 
of an ocular filar micrometer the widths of the different 10 micron 
divisions of the Zeiss stage micrometer have been measured. 


N'ariation in Rkd Hlooh Ckll Sizk in Diffkrent Si’FXiKS OF Amphibia. 
Number of corpuscles measured corresponding to each siz<*. 
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It is found that these divisions vary in width from 5.8 per cent, 
below the mean to 5.6 per cent, above it. With such wide varia¬ 
tions between the different divisions of the micrometer, the 
question naturally arises as to whether the entire micrometer 
may not be inaccurate. As a third check on the method the 
dimensions of corpuscles as measured by means of the scale 
were compared with the dimensions of the same corpuscles as 
measured by means of the filar micrometer. It was found that 
the scale is less accurate for individual corpuscles, because it is 
impossible to measure with it to an accurac\' of less than one 
micron, but the averaije of a series of measurements by the two 
methods gave closely parallel results. 

2. In the Amphibia the .size of individual red blood cells in 
the same animal \'aries so wideh' that averages onK* partly repre¬ 
sent the [)eculiarities of the different species. In many cases 



Chart la. \'ariation in rod hli)od cell size for Amphiuma (solid li.ie) and 
Rana caifsbiana (broken line). Abscissa. tlimensit>ns in micra; ordinate, per¬ 
centage of total corpuscles measured. Two curves are given for each specie.s, 
one representing the long diameters of corpuscles, and the other the short diameters. 


the range of variation in size is just as characteristic as the 
average size. For this reason Table I\’. has been prepared to 
show the range of size variation in each species. In many cases 
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there are either two maxima or a sustained maximum. This 
results from the fact that the maximum for different individuals 
of the same species varies. It is just this variation between 
individuals which complicates comparative results on cell size, 
especially between closely related species. It is not associated 
with the metabolic activity of the animal, sex, or any other factor 
which can at present be indicated. Reference to Chart l will aid 
in understanding the variations here discussed. 



B. Carbon Dioxide Production, 

I. The weight of the animal is the primary factor which com¬ 
plicates the results on carbon dioxide production. The general 
fact is that the carbon dioxide output as measured by unit 
weight increases as the weight decreases. Reference to the 
results for Xecturus will emphasize this fact. For convenience 
these are listed in Table \ ., the individuals being taken in order 
<jf their weight. 
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Table \'. 


Neciiiri Arranged According to Weight to Show X'ariation of Carbon 
Dioxide Production with Variation in Weight. 


No. 

W’eight, 

Grams. 

1 

No. 

Weight, 

Grams. 

COj. 

Mg. 

No. 

W’eight, 

Grams. 

CO;. 

Mg. 

3 

194 

0.0413 

6 

II5 

0.0532 

17 

64 

o.i 192 

18 

194 

0.0599 

13 

93.5 

0.0842 

8 

57.6 

0.0922 

2 

154 

0.0420 

14 

92 

0.0753 

9 

55.7 

0.1069 

5 

130 

0.0548 

10 

86 

0.0883 

11 

47 

0.1399 

4 

126 

0.0528 

12 

75 

0.0915 

16 

44.3 

0.1208 

7 

126 

0.0557 

15 

74 

0.1051 






C'hart 2. Intlurnco ot \viM>»hi on carbon dioxide output in Necturus. Abscissa, 
weiRlit in grains; ordinate. C »in milligrams |kt gram of body weight ix?r liour, 
9 ~ females, (5 » males, O •* sex not determined. 


riie g:eneral ireiul is e\'itlunt from 'Fable \\, but exceptions are 
also evident. Nos. 18, 13, 15, 17, and ii are higher than would 
be expected from their weight, while Xos. 2, 6, 14, and 8 are 
lower. The high group contains only animals on which one or 
two carbon dioxide output tests could be made before the animal 
died. The cause of death in all these animals w'as probably 
starvation, there being no pathological symptoms as far as could 
be determined. A more detailed discussion of starvation as a 
complicating factor will be found below*. It is more difficult to 
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understand tlie meaning of the abnormally low carbon dioxide 
production. All the individuals in the low group except No. 14 
were used for a number of trials; 14 died after 105 days of starva¬ 
tion when only one trial had been made. Nos. 2 and 8 are 
females; 6 and 14 males. Females usually run lower than 
males (see below) but this explains only two of the cases. The 
detailed record of No. 6 shows a low initial period, a fluctuating 
intermediate period, and a very high final one as starvation 
progressed. The final period was characterized by a rapid loss 
of weight. 

In the other species studied the same inverse ratio between 
body weight and metabolism is evident. In Amphiiima the result 
is strikingly higher for the smallest animal, and unusually con¬ 
stant for the three larger specimens. In the frogs the same 
trend may be observed, but it is not as much in evidence, probably 
because of the preponderance of other complicating factors. 

These obser\'ations suggest that weight is not a thoroughly 
satisfactory basis for computing basal metabolism in these ani¬ 
mals. The ideal basis on which to make such computations 
would be mass of respiring tissue in the body. In Amphibia 
this mass would be less in proportion to the total body weight 
in Salientia than in Caudata, due to the greater mass of bone in 
the former. This proportion would also be smaller in large 
animals than in small individuals of the same species, because of 
the increased ossification and connective tissue in the former. 
In man it has been found that the body surface is the more 
reliable criterion, and elaborate formuke ha\'e been worked out 
for computing this surface from the weight and height. In 
Amphibia such formuke would be useless, on account of the great 
variation in shape which is found between the various species. 
It appears that the most hopeful method of eliminating weight 
variations in comparing different species as to carbon dioxide 
output is to choose animals from each species which have ap- 
pnjximately eciual weights. In the final section of this paper an 
attempt is made to do this. 

2. Starvation is a factor leading to important variations in 
the results, especially with Necturiis. The rate of carbon dioxide 
eliminati(m increases as star\*ation progresses, 'fkis fact has 
already been indicated by the observations on Xecturi with 
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abnormally high carbon dioxide output. Table VI, and Chart 3 
illustrate this variation. The two specimens chosen were both 
starved for a long period, and determinations were made through¬ 
out the period. 

Both these animals show unmistakably the upward trend of 
the production of carbon dioxide with increased length of starva¬ 
tion, e^x‘n beyond that which can be accounted for on the basis 
of decreasing weight during starvation. The writer was led to 
make the computations on the basis of standard weight because 
a preliminary examination of the results had suggested that the 
actual increase obser\ cd was largely or entirely due to this factor, 
d'hese results mean, then, that the reduced amount of living 
tissue resulting from star\alion actually produces a greater 
absolute amount of carl)on dioxide than the greater amount of 
liN’ing tissue present at the beginning of starwition. 



Chart 3. Influence of starvation on carbon dio.xide output in Xecturus. 
.Abscissa, number of days starved; ordinate, CO3 in milligrams per gram of body 
weight i>er hour. Dots refer to Xeciurus No. 4; circles to Xecturus No. 7. The 
broken curve is based on the "standard weight” figures in Table VL 
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Tahle \ I. 


Effect of Starvation on Carbon Dioxide Output of Ncclurus. 


Xeclurus 4 . 

Xecturus 7 . 




COi Based 




COj Based 

Days 

WeiRht, 

CO2. 

on 

Days 

Weight, 

CO:. 

on 

Starved. 

Gni. 

Mg. 

Standard 

Starved. 

Gm. 

Mg. 

Standard 


Weight. 




W'eight. 

8 

139 

0.0381 

0.0420 

27 

140 

0.0417 

0.0463 

10 

139 

0.0439 

0.0484 

29 

136 

0.0496 

0.0535 

12 

139 

0.0422 

0.0465 

31 

136 

0.0539 

0.0582 

15 

138 

0.0451 

0.0498 

33 

136 

0.0502 

0.0542 

17 

138 

0.0435 

0.0480 

34 

136 

0.0485 

0.0522 

41 

129 

0.0466 

0.0477 

55 

127 

0.0546 

0.0550 

46 

127 

0 0485 

0.0489 

60 

127 

0.0527 

0.0531 

51 

127 

0.0509 

0.0513 

64 

I 2 I 

0.0596 

0.0572 

56 

123 

0.0511 

0.0499 

70 

I 2 I 

0.0636 

0.0611 

66 

121 

0.0640 

0.0615 

75 

121 

0.0586 

0.0562 

72 

120 

0.0559 

0.0532 

82 

II5 

0.0536 

0.0489 

81 

II8 

0.0713 

0.0668 

91 

II3 

0.0702 

0.0630 

89 

II7 

0.0647 

0.0601 

97 

109 

0.0756 

0.0652 

95 

II7 

0.0579 

0.0538 





100 

II3 

0.0646 

0.0579 





104 

II 2 

0.0678 

0.0603 






Results on other species are less conclusive regarding the effect 
of starvation. Extensive determinations were made on Rana 
pipieus with this idea in mind. No changes were noted which 
could be directly attributed to starvation, except that the extreme 
inanition previously noted in No. 2 was accompanied by a 
decided drop in carbon dioxide output at the end. No Necliiri 
were carried as far as this. In Rana palnstris the animals used 
when near death from starvation showed a much lower carbon 
dioxide output value than normal starving individuals (about 
0.1660 as compared to 0.2730). In Rana claniitans the starved 
individual gave a lower result than the one less starved. With 
Aniphiuma No. 2, the carbon dioxide elimination decreased with 
the weight. It seems, then, that in all species studied except 
Netiurus starvation resulted in decreased carbon dioxide output 
\)Qv unit weight, but evidence is offered to show that the opposite 
is true of this species. 

3. Reference to 'Fable \'\. will show that there are rather 
large daily nuctuations in the carbon dioxide output of Nechinis. 
Daily recor<ls for individuals of other species show the same sort 
of variation. 1'he possibility is not eliminated that these fluctua- 
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lions are the result of differenfes in the aeration rate. This 
factor could not be accurately controlled by the apparatus used. 
Howe\’er careful observation and comparison of the results of 
over 250 aerations has convinced the writer that the variations 
noted are not the result of differences in aeration rate. Many 
results were discarded in which there was good reason to believe 
that an abnormally slow aeration had produced a low result. 
Daily temperature records of the room in which the e.xperiments 
were carried on were made, and these records show no fluctuations 
which could possibh* account for the daily variations found in the 
results for individual animals. It is tentatively concluded that 
we are dealing with unexplained variations in the metabolism of 
the animal. 

4. Sex is responsible for some minor variations in the results. 
It is known that basal metabolism proceeds at a higher rate in 
men than in women. The same appears also to be true of 
Amphibia. If comparable weights be chosen, it is found that 
Nccturi female Xo. 4 is lower than male Xo. 7, and that female 
No. 8 is lower than male Xo. 9, Raua palustris females Xos. 
2 and 4 are lower than nnile .Xo. 3. 

5. Disease was responsible for some aberrant results in Rana 
pipiens. Several of the animals (.Xos. I, 3, 7 and 8) died of a 
disease wliich the writer has called “lymph a‘dema.“ It is 
accompanied by an accumulation of I\*mph, or water, in the 
subcutaneous lymph sinuses, leailing to a marked increase in 
weight and a swollen appearance. In the later stages this was 
inwariably accompanied by capillar\' bursting in the skin and 
muscles. On autops\* the li\er was spotted and the spleen en¬ 
larged and crowded with blood. All the animals that died from 
such a'dema showed a sharp rise in carbon dioxide production 
at the onset of the symptoms. This production remained high 
until death in spite of the increa.^ed weight which would tend to 
reduce the carbon dioxide per gram weight. For instance Xo. 3 
had a rise from 0.1521 to 0.2427 at the onset of the disease, and 
died with a production of 0.1798 mg. per gm. of weight in spite 
of a 25 per cent, increase in weight. Xo. 6 died from a com¬ 
plication of causes, which included a brain tumor connected with 
the posterior choroid plexus on the right side, a fatty degenera¬ 
tion which in\'oKed the entire right kidney and part of the left, 
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fatty degeneration of the spleen, lungs and body cavity filled 
with water, partial paralysis shown by inability to draw up rear 
legs or to support the body with the right fore leg, and a twisting 
of the head to the right. This animal showed a fall in carbon 
dioxide production from 0.1880 down to 0.1239 
hour, and retained approximately the latter rate until death, in 
spite of a progressive increase in the severity of the symptoms. 
Other species did not yield much opportunity to study the effects 
of disease on metabolism. Nectiinis Xo. 12 died of fish mould. 
The determination made on this animal while normal yielded 
0.0915 mg. per gm. per hour, while a determination made during 
the active progress of the infection yielded 0.1354 mg. 

6. Motility of the experimental animal may be an important 
cause of variation in the results obtained. All the animals used 
were gi\en an hour to get accustomed to the jar before each 
determination, and there was very little movement in the major¬ 
ity of cases. Salientians would shift their position occasionally, 
but did very little struggling. A few individuals struggled con¬ 
siderably during the first test made on them. The results of 
such experiments were discarded. It is interesting that the 
struggling resulted in approximately doubling the basal rate 
of carbon dioxide production. Caudata struggled very little or 
not at all. 

A few trials were made using curare, which paralyzes the 
muscles, to see whether more constant results could not be 
obtained. It was found that the carbon dioxide production of 
Rana pipiens is thus reduced about 25 to 35 per cent., but the 
daily variations persist. The method described by Lund (1919) 
of placing the respiring animal in the jar with the barium hydrox¬ 
ide (suspended from the stopper in a basket) was tried on 
curarized animals. The results checked fairly well with those 
obtained on the same animals by the alTation method, but it 
was found that a considerable error is introduced by the necessity 
of removing the animal from the jar at tlie end of a measured 
time; a procedure which stirs up the air in the jar and causes 
loss of carbon dioxide. 
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\ l. General Comparative Results. 

A, Comparison of Classes of Vertebrata, 

Table \ II. has been prepared to show the cell size variations 
between the various classes of vertebrates, as indicated by 
measurements made on corpuscles from a selected representative 
of each class. 


Table \dl. 

Red Blood Cell Size in Selected Species of \’ertebrata. 


Class. 


Red Blood Corpuscles. 

Lenfilh. 

Width. 

..\rea. 

Anipliiliia. 

Rana pipiffis 

20.494 

13 153 

422 

Keptilia 

Crotalus adamanttus 

19.0 

I I.O 

349 

Pisces. 

A mbloplites ruprrstris 


S.I3 

15 « 

Ave?. 

Callus dorrusticus 

12 .J 

6.7 

130 

Mammalia . . 

Homo sapiens 

7 . 9 ’ 

7.9 

98 


d'he frog is belijw the a\'erage of red blood cell size for Am- 
idiibia, and the rock bass is below the a\erage for fish. Man is 
abo\e the a\erage for mammals. The chicken and rattlesnake 
are near tlie average for their res[)ecli\e classes, 'fhe arrange¬ 
ment of the classes in order of increasing acti\ity would result 
in the same order as that in 'Fable \’ 1 I. Fhe a\ ian corpuscle is 
nucleated, while that of the human is not. There is less dilTer- 
ence in bulk of hemoglobin between the two than the measure¬ 
ments would indicate. 

B. Compariso}i of Different Species of Amphibia. 

In 'Fable \’lll. the species used in this study are listed in 
order of their red blood cell size, and columns are filled in for 
weight and carbon dioxide production. All the figures are aver¬ 
ages of the detailed restilts recorded in Table I. 

A study of 'Fable \’lll. shows that the general trend is clearly 
in the direction of increasing carbon dioxide output w'ith de¬ 
creasing cell size, but the results are complicated b}' the fact that 
the species with large cells are also large in size. To eliminate 
the wegiht factor, representati\’es of se\’eral species have been 
chosen which ha\'c comparable weights, and the restilts from these 


• Taken from Gulliver (1S75). 
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Table VIII. 


Averages of Red Blood Cell Measurements and Carbon Dioxide 
Output by Amphibia. 


Species. 

Weight, 

Grams. 

COj Mg. per 
Gm. per Hr. 

Red Blood Corpuscles. 

Length. 

Width. 

Area. 

Amphiujna ineans . 

r.013.6 

0.0390 

61.79 

36.696 

3.561 

Necturus viacitlosus . 

101.6 

0.0814 

53-416 

28.617 

2,401 

Cryptobranchus allegheniensis , . . 



41.12 

23.16 

1.496 

Diemyctylus viridesceyis . 



29.64 

17.76 

827 

Rana cateshiana . 

511 

0.07001 

25.66 

14.184 

572 

Rana clainilans . 

14 

0.1576 

22.98 

11.916 

429 

Rana pipiens . 

38 

0.1632 

20.494 

I 3 .I.S 3 

422 

Rana palustris . 

3-3 

0.1820 

20.379 

12.683 

406 

Ilyla pickeringii . 



19.44 

11.2 

342 

Acris gryllus . 



17.76 

10.88 

304 

Chorophilus nigritus . 



17.96 

10.04 

283 

Bufo americanus . 

6.4 

0.1950 

16.004 

9.684 

244 



0 -———- 

O ^ % n 2? 32 36 

Chart 4. Cell size and carbon dioxide output in Amphibia. Abscissa, area 
of red blood cells in hundreds of square micra; ordinate, CO2 in milligrams per 
gram of weight per hour. Curve based on circles represents the averages taken 
from Table curve bases on A"” represents the individuals recorded in Table IX. 


individuals have been recorded separately in Table IX. On 
Chart 4 are plotted two curves, one based on Table VIII., 
showing the general upward trend of carbon dioxide output with 
decreasing cell size, but obviously complicated by the weight 
factor; the other based on Table IX., showing the even curve 
which is obtained when weight x^ariations arc eliminated. 
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Table IX. 


Red Blood Cell Size and Carbon Dioxide Production of Individuals 
WITH Comparable Weight. 


Species and No. 

XX'eight, 

Grams. 

CO;. 

Mg. 

Red Blood Corpuscles. 

length. 

Width. 

Area. 

Amphiuma means, 2 . 

41.4 

0.0920 

60.9 

33.S 

3.329 

NeUunts, l6. 

44 3 

O.I2OS 

50-38 

31.66 

2.505 

Rana pipiens, 3. 

45.8 

O.I76S 

21.08 

14.19 

470 


The results recorded in Tables Mil. and IX. and in Chart 4 
furnish conclusive evidence that there is a correlation between the 
degree of activity of a species as determined by its carbon dioxide 
output and the size of its red blood cells. Fhe physiological 
necessity fur such a correlation lies in the necessity for ha\'ing 
sufficient surface to allow for the exchanges which take place 
between surface and interior. If the exchange is rapid, the 
surface must be large, and this enlargement of surface is ])rought 
about by having the mass divided into smaller packets. 

\’ 1 I. Summary and ('dxclusions. 

1. C'ell size has been measured in a number of species of 
Amfihibia by measuring the dimensions and computing the area 
of red blood corpuscles. Metaliolic aclix ity was measured by 
collecting in barium Inclroxitle the carbon dioxide produced by 
the animal, and computing the carbon dioxide in milligrams per 
gram of body weight per hour. 

2 . C'omparison of tlie measurements of red blood corpuscles 
with measurements published by other authors indicates that the 
measurements obtained by the present writer are too low. The 
cause of these low results is unknown. 

3. C'ontrolson the method used in determining carbon dioxide 
output indicate that this method was nut extremely accurate, but 
sufficiently so to allow for making comparisons between the 
animals used. The chief sources of error were loss of carbon 
dioxide due to incomplete absorption, and inability to maintain 
a constant rate of air flow. Indirect exadence that the method is 
approximately correct is obtained by comparing actual results. 

4. There is shoxvn to be a size x ariation betxveen the corpuscles 
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of the same individual, and a variation in the average size from 
different individuals of the same species. 

5. A number of factors tend to complicate the results on carbon 
dioxide production. The most important is body weight, the 
smaller animals producing more carbon dioxide per unit of weight 
than the larger animals. This factor becomes especially impor¬ 
tant in making comparisons of different species, because species 
vary quite widely in their a\ erage weight. 

Starvation in Necturus seems to cause an increase in the carbon 
dioxide output per unit of weight, even when all results on an 
individual are reduced to a constant weight value. In the other 
species studied starvation seems to lead to a decrease in carbon 
dioxide production. 

Other factors complicating carbon dioxide output results are 
daily variations in the metabolism of the individual; sex, the 
male producing slightly more than the female; disease, usually 
resulting in an increased production, a fact which suggests the 
fe\’er response in man; and the movement of the animal. This 
last factor may become of extreme importance if the animal is 
active, but an attempt has been made to eliminate such results 
by keeping the animals quiet and discarding results of deter¬ 
minations made on actively moving animals. 

6. The conclusion that cell size varies inversely with meta¬ 
bolic activity is justified by the evidence presented. This is 
shown in a general way by comparing classes of \Trtebrata, and 
more specifically by detailed results on twelve species of 
Amphibia. 

The writer wishes to express his gratitude to Dr. M. F. Guyer, 
under whose direction the work was undertaken, and to Dr. A. S. 
Pearse and Dr, H. C. Bradley for their many helpful suggestions 
and criticisms. 
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RESPIRATORY DIFI-ERENXES ALONG THE AXIS OF 
THE SPONGE GIL 4 XTIA. 

LIBBIE H. IIVMAX 

Hull Zoological Laboratory, University of Chicago. 

Oi(Terences in the rale of respiratory metabolism along the 
principal axis have now been demonstrated for a number of 
animals: for the hydroid Cor\'niorpha (Child, ’23, Hyman, ’23a), 
for the medusa Cassiopae.i (McClendon, ’17), for Planaria 
(Hyman, ’236), and for several annelids (Hyman and Galigher, 
’2iL Recently Shearer (’24) has reported similar results for the 
chick embryo and the earthworm. Unfortunately in Shearer’s 
work regions of \‘ery dilTereiU morpliological constitution were 
com[)ared and it is therefore doubtful if his results can be re¬ 
garded as lending support to the plu siological gradient concep¬ 
tion. I'or exam|)le anterior and posterior halves of the chick 
embryo in the stages studied by Shearer differ enormously in 
tlieir content of ner\ous tissue, due to the presence of the brain 
and chief sense organs in the anterior half. I'he much greater 
respiratory rate of tlie anterior half reported by Shearer is 
I)robably largely due to the greater proportion of ner\'ous tissue 
which it contains. Similarly in the earthworm the mature head 
is morphologicalK' and functionally different from the rest of 
the body and respiratory differences between it and other regions 
must be in part due to such specihe differences. In brief. 
Shearer’s measurements concern not the gradient itself but the 
secondary differentiations associated with the gradient. Shearer 
also seems to be unaware of the existenee in annelids (and in the 
early embryos of vertebrates) of the double type of gradient 
(Hyman and Galigher, ’17) and the pieces of the eartlnvorm 
which he compared were conseciuently not correctly chosen and 
serve neither to prove nor disprove the existenee in this animal 
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of the type of gradient which we have described for it. The 
acetone powder experiments do not, in my opinion, answer these 
objections. If the substance in such powders which absorbs 
oxygen is essential to respiration then it is necessarily true that 
types of tissues which have a high respiratory rate must contain 
a higher percentage of the substance. It has been repeatedly 
emphasized that direct proof of axial respiratory differences can 
be obtained only through the comparison of pieces of like morpho¬ 
logical constitution and through the elimination of various func¬ 
tional factors which affect metabolic rate. It is to be hoped 
that Shearer will repeat these experiments with more suitable 
material. Such material is necessarily limited to the lower 
invertebrates or to the very early embryonic stages of higher 
forms. 

The sponge Grantia seemed to me to constitute very favorable 
material for a further test of the reality of axial metabolic 
differences. It has the same morphological constitution through¬ 
out except at osculum and base and is more or less definitely 
polarized. The work was performed at the Marine Biological 
Laboratory at Woods Hole during the summer of i9-4- 

/. Method of Determining the Oxygen Consumption ,—For two 
or three years I have been trying to devise an apparatus suitable 
for the study of the oxygen consumption of small organisms by 
Winkler’s method. The method finally adopted owes its origin 
to a device described by Osterhaut and Haas (’17). They first 
suggested an apparatus separable into two pieces, one part to 
contain the organisms and the other part for analysis. Their 
apparatus is, however, clumsy to manipulate and for large 
animals or large amounts of material the method used by me for 
many years of siphoning off the sample is \'ery much simpler 
and entirely satisfactory, as proved by checks. The de^’ice pro¬ 
posed by Osterhaut and Haas to prevent exposure to air in adding 
the reagents is in my opinion wholly unnecessary unless one is 
dealing with water of very low oxygen content. In working 
with small organisms, a very much smaller apparatus is required. 
This naturally reduces the size of the sample of water available 
for analysis. This difficulty is overcome by using a smaller 
(|uantity of the reagents and a more dilute thiosulphate solution 
for the final titration, as also suggested by laind (’22). 
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The apparatus which I have been using has the following 
simple construction, illustrated in the accompanying figure. It 
consists of a Pyrex test tube A, without rim, 100 mm. long by 
10-12 mm. diameter, capacity about 10 cc. This is 
surmounted by a piece of rubber tubing B, into 
which fits a short length (about 40 mm.) of Pyrex 
tubing C of the same diameter as the tube A, Over 
the end of C is another piece of rubber tubing D. 

The rubber tubing must fit tightly over the glass and 
if necessary B can be wired to .*1 and D to C, but 
not C to B, A nuniljer of ^iich outfits should be 
prepared. I'or the water blanks only the parts A 
and B are necessary. 

d'he apparatus is used as follows. In those tubes 
whicli are l(j contain the animals all four pieces 
must be fitted together as in the figure and C must 
be shoNed close to but not in contact with . 1 . All 
of the tubes to be ii^ed in one experiment, inciudirig 
the tubes for the blanks, are filled by siphon with the 
same water from an ele\ aled rec eptacle. The siphon 
should reach t(j the bottom of the tube and the water 
be allowed to fiow out (»f the lop for some time. 

'Pile animals to be used Cvin be placed in the tubes 
before they are filled willi w.iter if of suitable nature, 
or if not, can be put in after the filling. All tubes are 
then closed by screw cltHni)s arouiul I) in the experi¬ 
mental tubes, or B in the blanks, 'fhe tubes are then placed in a 
suitable water b.iih kept at constant temperature. Those con¬ 
taining the animals should be agitated at intervals, in the case of 
non-motile animals, to pre\ ent an accumulation of metabolic prod¬ 
ucts and exhaustion of the oxygen around them. When it is de¬ 
sired to conclude the experiment, each experimental tube is in- 
\'crted several times to insure uniform distribution of its ox>'gen 
content and is then finally inverted, the animals being brought by 
gravity into the section C plus D. A screw clamp of suitable size is' 
then rapidly placed around the tubing B over the small interval 
left between A and C. On screwing the clamp, A and C will be 
found to move apart readily and the walls of the tubing B are 
at the same lime drawn together by the negative pressure thus 
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developed. One should never try to pull the sections A and C 
forcibly apart. After screwing the clamp tightly, the sections 
C plus D are withdrawn from B, the apparatus being held inverted 
during the whole of the procedure to prevent the spilling of the 
contents of C plus D, The contents are immediately poured 
into a small graduated tube and the volume noted. Gradu¬ 
ated centrifuge tubes have been found very convenient for this 
purpose. A little practice with the apparatus is required to 
prevent the spilling of the water from C plus D and a tube 
should be at hand to receive this water just as C is withdrawn 
from B. The portion A plus B is now analyzed by Winkler's 
method and the blanks which consist of only A plus B are 
analyzed at the same time. The clamp around B in each tube 
is open and o.i cc. of each of the reagents used in Winkler’s 
method is added. The clamp is then closed, the contents shaken, 
the precipitate allowed to settle as usual, and after again opening 
the clamp, o.i to 0.2 cc. concentrated HCl added carefully so as 
not to disturb the precipitate. The clamp being again closed, 
the tube is shaken to dissolve the precipitate and the contents 
are then poured into a small evaporating dish and titrated with 
sodium thiosulphate. The latter should be about 1/500 normal. 
With greater dilution of the thiosulphate the end point becomes 
uncertain. The volume of the tube A plus B must then be 
determined. If care is taken not to move the clamp around B 
during the preceding operations, the tube A plus B can be filled 
with water of the same temperature as that obtaining during the 
experiment, the clamp closed, excess water at the top removed, 
and the contents then poured into a graduated tube. In my 
experience the volume of A plus B and C plus D must be deter¬ 
mined at each exi^erimcnt as they vary slightly owing to varia¬ 
tions in the position of the clamp when the two portions are 
separated. One must remember to subtract 0.2 cc. from the 
volume of A i)lus B, to compensate for the loss of this amount 
of water when the reagents are added. 

In calculating the results, it must be borne in mind that only 
the p(^rtions A j^lus B are analyzed while the animal respired 
from A plus B plus C plus D. The thiosulphate cfiuivalent of 
each cc. of A plus B is calculated and from this the thiosulphate 
equi\'alent of the entire api)aratus is obtained. It is thus neces- 
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sary to know the exact volume of A plus B and C plus D. The 
oxygen content at the beginning is determined in the same way 
by calculation from the water blanks and is brought by ratio 
to the same volume as the experimental tube. A simple sub¬ 
traction then gives the oxygen consumed by the animals in terms 
of thiosulphate. To find the oxygen equivalent of the thio¬ 
sulphate the latter must of course be standardized. A number 
of mctliods are gi\ en in any text on quantitati\ e analysis. If 
the oxygen consumption in terms of volume is desired, as is 
usualK' the case, then it is desirable to conduct all of the experi¬ 
ments at the same temperature and to determine the volume of 
the tubes for this temperature. The oxygen equi\alent of the 
thiosulphate f(jr any given temperature can be determined from 
data on the Noliime of oxygen at dilTerent temperatures gi\en in 
handbooks of f)hysical c()nstant>. 

The apparatus can be modified in \arious ways to suit the 
ty[)e of animal emi)lu>‘ed. l or Protozoa the tube is closed, after 
filling with ^^ater and adding the animals, not by means of a 
clamp but b\‘ means of a glass plug, d his is inserted dee[)l\' 
into I) and must be tirniK' wired in. At the end of the experi¬ 
ment the tube is placed in the ('eiilrifuge in the iin erted position, 
the bottom of -1 pointing towards the axis of the centrifuge. 
Hy centrifuging, the IVoto/oa are driven into the section C plus 
/J, which is then remo\ed as ahead}' described. I'or larger 
animals the si/e of the apparatus can be increased or in j^lace of 
the test tube A a siii.ill llask of desired content can be substituted. 
In such cases, the amount of the reagents used and the dilution 
of the thiosulphate should be cKljusted to the size of the sample 
obtained fur .malysis. 'I'he apparatus is not suitable for animals 
w hich cling lirmh', such as planarians. 

'riie method is naturally not as accurate as the regular Winkler 
method. Hy the anah'sis of duidicate samples I ha\X‘ found 
that the oxygen content of 15 cc. of water—about 0.07 to o.oS 
cc. at air saturation and room temperature—can be determined 
with an error of about 0.002 to 0.003 cc. This makes an error 
of some 3 to 4 per cent, while in the regular Winkler proce¬ 
dure, with .samples of at least 100 cc., the error is less than 0.5 
per cent. The method is thus chiefly of value for comparative 
work. 
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2 . ^lethod of Determination of Carbon Dioxide Production ,— 
For this purpose the simple method first suggested by Haas (’i6) 
was employed. A set of standard tubes containing phenol red 
solutions covering the range of hydrogen ion concentration from 
pH 6.8 to 8.4 must be at hand. These are now sold by dealers 
in chemical supplies. For the experiments tubes of the same 
dimensions are necessary. The animals to be tested are placed 
in such tubes and those to be compared must be of the same 
weight. Phenol red in powder form is added to sea-water until 
the density of color is the same as that in the tubes of the standard 
set. An equal volume of this water is then added to each of the 
tubes containing the animals and the tubes then sealed with 
paraffin. If the inside of the tube above the water is wiped 
dry, paraffin will adhere to it firmly and the melted paraffin 
can be then added directly onto the surface of the water. The 
sealed tubes are placed in a water bath at constant temperature 
and the changes in tint due to the production of carbon dioxide 
by the organisms are recorded in terms of pH by comparison 
with the standard tubes. There is of course some error (probably 
about .2 pH) in working with sea-water unless the standard 
sets have been especially prepared for such work. This error 
is of no consequence in comparative work. 

j. Material and General Procedure, —Only freshly collected 
sponges were employed and these were used as soon as brought 
in by the collectors. Only the cleanest and most perfect speci¬ 
mens were used; those selected were placed in a dish of clean 
sea-water and repeatedly squirted about with a pipette to free 
them as far as possible from foreign materials clinging to their 
surfaces. Unfortunately in the case of sponges it is not possible 
to determine by inspection whether the specimens are in good 
physiological condition or not. The selected specimens were 
placed on a glass plate, osculuin and base cut off and discarded, 
and the body then cut into two nearly equal hahes. These 
pieces were then placed in the tubes for the respiration tests. 

It was of course necessary to weigh the pieces. They were 
gently rolled about on hard filter jxaper until they no longer 
wet the paper, then transferred to small weighing bottles, pre¬ 
viously weighed, and weighed to the fourth i)lace. In the case 
of the oxygen consumption tests, the pieces were weighed after 
the conclusion fjf the experiments. J'or the carbon dioxide pro- 
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duction tests, it is necessary to weigh the pieces in advance 
since by this method only pieces of equal weight can be compared. 
The sponges were cut into slightly unequal portions, and the 
smaller portion weighed first. The larger portion was then 
weighed and small pieces removed from it until its weight 
equalled that of the other piece. After such handling it was 
thought advisable to allow the pieces to stand in water for two 
or three hours before beginning the tests and this was always 
done. 

The sea-water u^ed in all of the experiments was kindly 
furnished to me by Dr. A. J. Goldfarb. This water was collected 
from the end of the Ibireau of Fisheries pier at W’oods Hole and 
stood for se\eral days j^rior to its utilization to allow debris to 
settle, d'his water contaiiKHl no organisms visible to the eye 
but no doubt some bacteria were present. As the blanks how- 
e\ er are allowed to stand as long as the experimental tubes before 
analysis, this possible source of ox\’gen loss is cancelled out. 
The water was thoroughh’ aerated before use and was thus 
saturated with air at the beginning of e\er\' experiment. 

In nearly all experiments two |)ieces of sponge were placed 
in each tube, sui'h pieces being of course from the same le\'el 
of the sponges concerned, 'riuis f(*r each experiment two sponges 
were selected and cut and the two apical hahes placed in one 
tube, the two basal luthes in the other. The tubes were then 
filled by siphon as already described. In some cases the\- were 
filled first and the jacccs of sponges droi)ped in afterwards. In 
the exixriments on carbon dioxide production, the pieces were 
placed in the lubes and with a i)ipette a definite amount of sea¬ 
water colored with phenol red run into each tube. At first fivecc. 
of water were added to each tube but the carbon dioxide j)ro- 
duction was found to be so slow that later only two cc. were 
emploNcd. 

The control of temperature was difficult at Woods Hole. 
Owing to the lack of constant temperature apparatus, the experi¬ 
ments had to be rim at room temperature. At the beginning of 
each oxygen consumption experiment, the water and water bath 
were allowed to come to room temperature and thereafter the 
bath was kept at this temperature by adding warm or cold 
water as the case might be. The carbon dioxide experiments, 
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however, ran over such long periods of time in many cases, that 
the temperature could not be kept constant by personal atten¬ 
tion and varied during the night with changes in the air tem¬ 
perature. 

4. Results ,—The results of the oxygen consumption experi¬ 
ments are given in Table I. Thirteen experiments were per- 

Tablk I. 

Oxygen Consumption of Apical and Basal Halves of the body 
OF THE Sponge Grajitia . 


Duration of each experiment three hours. Temperature in different experi¬ 
ments 21 to 23® C. Oxygen given in cubic centimeters. 


No. 

of 

Exp. 

Kind 

of 

Piece. 

O2 Content 
at 

Start. 

Oi Content 
at 

End. 

Oxygen 

Consumed. 

Weight. 

O2 Con¬ 
sumed per 
Gram per Hr. 

I 

Apical 

o.oSo 

0.072 

0.008 

0.0193 

0.138 


Basal 

0.0S2 

0.071 

O.OII 

0.0265 

0.138 

2 

Apical 

0.077 

0.061 

0.016 

0.0345 

0.154 


Basal 

0.074 

0.057 

0.017 

0.0360 

0.157 

3 

Apical 

0.077 

0.063 

0.014 

0.0285 

0.163 


Basal 

0.069 

0.059 

0.010 

0.0319 

0.104 

4 

Apical 

0.074 

0.053 

0.021 

0.0578 

0.121 


Basal 

0.074 

0.049 

0.025 

0.0730 

O.i 14 

5 

Apical 

0.082 

0.070 

0.012 

0.0682 

0.058 


Basal 

0.077 

0.067 

0.010 

0.0732 

0.043 

6 

Apical 

0.080 

0.069 

O.OII 

0.0452 

O.oSi 


Basal 

0.074 

0.062 

0.012 

0.0536 

0.074 

7 

Apical 

0.077 

0.069 

0.008 

0.0310 

0.086 


Basal 

0.077 

0.069 

0.008 

0.0482 

0.056 

8 

Apical 

0.074 

0.052 

0.022 

0.0442 

0.166 


Basal 

0.075 

0.055 

0.020 

0.0452 

0.147 

9 

Apical 

0.074 

0.055 

0.019 

0.0388 

0.163 


Basal 

0.071 

0.060 

O.OII 

0.0428 

O.0S6 

11 

Apical 

0.074 

0.053 

0.021 

0.0510 

0.137 


Basal 

0.075 

0.055 

0.020 

0.0581 

O.I 14 

12 

Apical 

0.073 

0.057 

0.016 

0.0320 

0.166 


Basal 

0.066 

0.053 

0.013 

0.0406 

0.106 

13 

Apical 

0.072 

0.054 

o.oiS 

0.0392 

0.153 


Basal 

0.073 

0.051 

0.022 

0.0558 

0.131 


formed, of which one (Xo. 10) was lost. The table shows the 
oxN'gcn content of the whole tube (.1 B C D) at the 
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beginning and at the end of each experiment. The former is 
determined by calculation from the control blanks, and the 
latter by calculation from the analysis of the portions -4 plus B 
of the experimental tubes, the contents of A plus B and C plus 
D being known. When calculated in this form, the difference 

Table II. 

Relative Carbon Dioxide Production of Apical and Basal Pieces of the 
Body of the Sponge Craniia, in Terms of Time Required 
TO Change Phenol Red from pll 8.0 to 7.5. 


h.. hours; m., minutes. 


No. 

of 

Exp. 

Kin«I 

of 

Piece. 

Wcitilt. 

Oram«. 

Time for 
Chance from 
b.o to 7.5. 

Remarks. 

1 

Apical 

Basal 

0.0s 1 
0.058 

5 Jl, 50 m. 

9 h., 40 m. 

5 cc. sca-watcr used. 

2 

Apical 

Basal 

0.02 12 
0.0234 1 

21 h., 30 m. 

1 25 li.. plus 

5 cc. End point of basal piece 
not exactly determined. 

3 

Apical 

Ba‘;al 

0.03 1.1 
0.03 I 8 

20 h., 40 in. 

24 h , 55 in. 

5 cc. 

4 

Apical 

Ba'^al 

00217 
0.02 1.1 

21 h. 

ID h. 

4 cc. Repeated with same result. 

5 

Af)ical 

Basal 

0.019 

0.019 

20 li.. I s m. 

20 li.. 15 in. 

5 cc. Almost no ditierencc be¬ 
tween them at any time. 

6 

Apical 

Basal 

1 

0.0182 

O.OI8.I 1 

I 5 h., 40 m. 

1 7 h.. 30 ni. 

4 cc. 

7 

Ai>ical ! 
Basal 

0.0179 

o.oi7.t 

5 h.. I 5 m. 

8 1 ). 

2 cc. 

8 

Apical 

Basal 

0.0212 

0.022O 

0 h., 25 in. 

8 h. 

2 cc. 

9 

Apical 

Basal 

0.0313 

0.0300 

5 h.. 30 m. 

9 h. 

2 cc. Basal piece in advance on 
next day. 

10 

Apical 

Basal 

0.021S 

0.0234 

S h.. 10 m. 

9 li.. 40 m. 

2 cc. Even next day. 

11 

Apical 

Basal 

O.OI I 2 

o.oi 24 

17 h. 

19 h. 

2 cc. Xo dilTerencc between 
them until after 4 hrs. 


between the two values gives the oxygen consumed by the 
pieces. This divided by the weight and then by three (as each 
experiment ran for three hours) gives the oxygen consumed per 
gram of weight per hour. The figure thus obtained seems a 
little low as compared with the respiration rate of other animals 
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—it is about half of that of Planaria—but it must be remembered 
that a considerable portion of the weight of the sponge is due to 
the lifeless spicules. 

Of the twehe experiments presented in Table I., the rate of 
oxygen consumption is markedly greater in the apical piece in 
five cases (Xos. 3, 5, 7, 9, and 12), slightly greater in fiv^e cases 
(Xos. 4, 6, S, II, and 13) and about equal to that of the basal 
piece in two cases (X^os. i and 2). In experiments 4 and 6 the 
difference between the apical and basal pieces is so slight as 
probably to be of no significance. 

The experiments on carbon dioxide production yield about the 
same result. In nine cases, the apical pieces produce carbon 
dioxide at a faster rate than do the basal pieces, in one case 
(Xo. 5) the rate is equal and in one case (Xo. 4) the result is the 
reverse. The advantage in favor of the apical piece is not \ cry 
great in X"os. 10 and ii. 

These findings are in agreement with the electrical differences 
previously discovered in this sponge (Hyman and Bellamy, ’22). 
It was found that in the majority of individuals tlie oscular end 
is electropositi\'e (internally) to more proximal regions, but that 
in some indixfiduals this potential difference is absent or may even 
be reversed. That these electrical differences are correlated 
with the metabolic differences is a view which I have held for a 
number of years. It is presumable that those indi\fiduals in 
which electrical or metabolic gradients are lacking are in poor 
physiological condition. 

Finally attention may be called to the relation between rate 
of oxygen consumption and size (weight). In general, the greater 
the weight of the pieces, the lower is the rate of oxygen consump¬ 
tion. This inverse relation between size and respiratory rate 
seems to be general throughout the animal kingdom (cf. Hyman, 
’19). 

5. Summary ,—In the majority of cases, apical pieces of the 
body of the sponge Grantia consume oxygen and produce carbon 
dioxide at a higher rate per unit weight than do basal pieces. 
'Fhis result furnishes further evidence in favor of the axial 
gradient conception. 
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THE DISTRIBUTION OF CERTAIN INSECTS OF 
REVERSED BEHAVIOR.* 

CLARENCE HAMILTON KENNEDY. 

Ohio State University. 


The recent researches of Loeb, Holmes and other students of 
animal behavior as well as the work of various entomologists on 
the reactions of insects to definite environmental factors, has 
given us a mechanistic interpretation of insect activities very 
different from the anthropomorphic interpretation of the earlier 
students, Shelford, Dean and others have related many insect 
adjustments in behavior with remarkable exactness to specific 
conditions of light, temperature, humidity, etc. 

These reactions are frequently quite specific but many of them 
are the same for all the species of a genus. As, for instance, 
all species in a genus are nocturnal or all arc aquatic. Such a 
generic tropism usually defines the generic habitat in a broad 
way. Within this general habitat the individual species will 
have individual habitats limited by other tropisms. Apparently 
the generic tropism that defines the generic habitat is seldom 
modified for any individual species enough that such a species 
may exist outside the generic habitat. But apparently a com¬ 
plete reversal of a generic tropism is more likely of occurrence 
than any lesser modification. Wdien such occurs in a genus 
the individual species possessing this reversed generic tropism 
has entrance into an environment closed to all other members 
of its genus. 

The writer has come across two species of insects, one a 
dragonfly, the other a maylly, in which a reversal of one or more 
of the tropisms normal to the other species of the same genus 
has permitted the entrance of these reversed species into environ¬ 
ments not open to the normal members of the genus. These 
finds have opened up so many interesting problems in beha^aor 
and distribution that they are well worth presenting in some 
detail. 

♦Contribution from the Dcp.irtmcnt of Zoology and Entomology, Ohio State 
University, number 79. 
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The first of these that was found is yEsJnia nercadensis Walker 
of the Sierra upland of central California.^ This is a large, pond 
and shallow lake dragonfly that lives at elevations of 5,000 
to 9,000 feet. It is known only from the southern Sierra Moun¬ 
tains. It has been recorded from Walker Lake, Mono Co., 
California, at 7,700 feet elevation, Hardin Lake, Tuolumne Co., 
7»775 f^c^ elevation and from Elizabeth Lake, Yosemitc 
National Park at the great altitude of 9,000 feet. The writer 
found it at its optimum development in shallow, weed-filled 
lakes on the di\'ide between Lake Tahoe and the Rubicon Ri\ er 
(Calif.) where at an elevation of 7,000 feet it dominated the 
subalpine dragonfly life. Here in an open, meadow-like moun¬ 
tain pass, fairl\- le\el for about two miles, lie four shallow' lakes, 
two flowing into Lake 'Lahoe and the desert drainage, while the 
other twoem|)ty into the Rubicon Ri\ erand the Pacific drainage. 
On both sides rise granite crags for a thousand feet abo\e the 
lakes, their lower parts green with lirs, whiK* their gra\* u[)pcr 
slopes arc l:>lolched white witli lield.^ of snow. Three of the lakes 
are covered with yelhjw flowered pond lilies and are fringed 
with green sedges among clum|)> of silver gr«iy v\illovvs. Tliese 
shallow lakes are w.irm be(\uise of the black peat bottom and 
long hour.s of sunshine. Thev su|)port great numbers of a few 
spec'ies of insec'ts siu h as are able to v\ithsland the long winters 
and cold nights «it this ekwatinn. as this is a subalpine situation 
with nightlv' temperatures ,it or near freezing. Ivight other 
sfK'cies of dragonflies are common liere. 'Lhese are northern 
forms that occur in the mountains of Oregon at 3,000 4,000 
feet elevation and in British C'olumbia at sea level. 

d'he liabitat of nreadensis a|)pears to be entirely above that 
of all other species of North American .Eshnas. It appears as 
strayed individuals at 4,500 feet but does not appear in numbers 
uiitil an elevation of 6,000 7,000 feet is reached. hTom here up 
to 9.000 feet it appears at its optimum (leveloj)ment. No other 
/Eshnas have been found regularly at these higher altitudes. 
Vrom about 4.500 feel down to sea level, however, .Tshnas are 
a constant element of the North American Odonate fauna. 
'Lwenty or more lowland species have been described from north 
of Mexico while there are actually seven or eight species living 
^ Kennedy, Proc, U. S. Xal, Mus., V'ol. 52, pp. 483-635. 
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about the lower slopes of the Sierras. Thus nevadensis has a 
habitat entirely above or outside of that of the other North 
American members of the genus. 

We do not know the behavior complex of JEshna nrcadensis 
in enough detail to speculate on all the adjustments in reactions 
necessary to adapt this species of a lowland genus to a highland 
habitat. It shares with all other /Eshnina", and without any 
change, a positive reaction to shining water surfaces when the 
sexual instinct is not overbalanced by hunger. This is a reaction 
through the eye as Anax, a related genus, was found reacting 
just as positively to the glistening surfaces of the crude oil 
pools of the Bakersfield (Calif.) oil field where hundreds of 
Anax jiiniiis perished while mating and trying to oviposit in the 
crude oil. When hunger predominates over the sexual impulse 
the reactions change so that the /Eshnas fly away from the water 
on hunting trips into the surrounding territory. They fly away 
from the water and roost on trees when the minimum flying 
temperature is reached, also at twilight on warm evenings when 
the minimum flying light is reached. The minimum flying light 
^’aries greatly with the different species as some will still fly 
when it is so dark to the human eye that the dragonfly can be 
seen only when it is outlined against the sky or some white 
surface. 

As ponds for oviposition are the same on the Sierra upland 
as at sea level, we find the reactions of nevadensis while under the 
sexual impulse practically identical with the similar reactions of 
the lowland species. The adjustments to the upland come in 
the reactions of the insects when hunger and other impulses 
outweigh the sexual impulses, and have nothing to do with the 
coursing of the males and females over the surface of the water 
while mating and ovipositing. 

Two of these adjustments to the conditions found in these high 
altitudes are cjuite obvious. Inrst the hunting individuals react 
negati\'ely to the warm stratum of air next the ground so that, 
except early in the morning when the ground stratum of air is 
still cool, they hunt high off of the ground flying from fifteen to 
one hundred and fifty feet in the air. It is a tree-top species. 
This positive reaction to cool air probably exj^lains the attraction 
of na^adensis to this alpine habitat. All other species of /Eshna, 
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when hunting, react negatively to the cooler situations of the 
habitat, the warmer the place the better, until 100-105° is 
reached when some species begin to become inactive. 

The second obvious adjustment necessary is in the time of 
emergence. All lowland species of /Eshna, as far as known, 
emerge at night, those the writer has reared, Jimhrosa and con- 
slrictUf emerging at or near midnight. This appears to be an 
adjustment of talue in that the imagoes have hardened suffi¬ 
ciently by daylight for flight and so escape the blackbirds and 
other marsh fowl that enjoy soft freshly emerged insects. But 
at an elevation of 7,000 9,000 feet with snow fields spread about, 
the nigluK' temperatures are never far above freezing and fre¬ 
quently below, making night emergence precarious as the v’oung 
dragonfly would be too chilled to crawl out of its nymphal skin. 
Here a second adjustment to this elevated habitat appears, 
d'lie emerging inanph (jf mradensis instead of being negatively 
geotropic in the dark is negatively geotropic in the light, so that 
the winged adult emerges in the broad daylight when the tem¬ 
perature is high enough to insure a successful withdrawal from 
the nv'mphal skin, dhe writer found numerous individuals 
emerging in the bright sunshine in the early afternoon hours. 

'I'lius we see that Jishna nrciidcusis has left the general warm 
lowland environment of the genus and has entered an entirely 
different region through having two of the tropisins normal to 
Jtshna reversed. 

W’hile in the mountain^ of ea>tern rennessee last spring, the 
w riter discov ered a mav llv*, liphcwcrn gidtulata Pictet, which ap¬ 
pears to occupy a habitat entirely different from that of any (Uher 
species of Ephemera. It too appears to have certain of its 
reactions the reverse of those of the other species of this genus 

Ephemera guttuUita is a most interesting mayfiy in sev eral ways. 
It is one of our large mayflies. Its wings are so heavily clouded 
that at a little distance tiiey appear almost black, especially as 
contrasted against the abdomen, which is immaculate snow-white. 
This bizarre insect lives in the smaller of the perennial, spring-fed 
mountain torrents that flow down the higher of the Eastern 
Tennessee Mountains. On Chilhowee Mountain these streams 
pour down deep \^-shaped ravines over beds of small stones and 
coarse grit, in a succession of miniature w'aterfalls, for they 
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descend at a rate of several liundred feet to the mile. These 
mountains are covered with pines on their high, dry ridges but 
the deep ravines between these ribs of pine woods are filled with 
a dense growth of deciduous timber so that the torrents are 
heavily shaded by tall trees in their whole course. 

The burrowing larva of guttidata lives in the meager areas of 
coarse sand and muck found in the little basins below the water¬ 
falls. The subimago emerges during the day. Those the writer 
observed came out on dull cloudy days. These fly out of the 
shade over the stream, through the surrounding brush and up to 
the better lighted areas of the hill side where they rest in the 
full light. The dull gray subimago then sheds a thin skin and 
comes out a fully developed imago with its brilliant black and 
white colors and its sexual maturity. Xo observations were 
made as to whether this occurred on the day of emergence or 
the following day. Because of the few subimagoes seen it prob¬ 
ably occurred the same day as the emergence. Unfortunately 
also, no mating dances were seen. These probably occurred 
among the tree tops, in the deep dusk, just before egg laying 
began. 

When the evening twilight had deepened to the point where 
it became difficult to pick one’s way along the streams, the 
females of guttidata would appear over the little pools hurrying 
back and forth about a foot above the surface of the water 
apparently laying eggs. Their conduct was more like that of 
female dragon Hies than like the usual hurried \ isit of the maytiy 
female dropping all of her eggs in a single effort. Xo males 
were caught at these times over the streams. 

It was in these flights in the dense twilight gloom of the bot¬ 
toms of these mountain gorges that the probable value of the 
bizarre coloration came to mind. The enormous development 
of the eyes, the evidence of the rudimentary anteniKe together 
with certain experimental work indicate that the major reactions 
of the mayllies are through the sense of sight. Uxcept for the 
white abdomen, the mayflies, at tlie time of these twilight flights, 
were practically iiu isiblc to the obser\'er. These white abdo¬ 
mens, as the guttidata females doged about in the gathering 
darkness, reminded one of the streaks of light of a flight of fire¬ 
flies. Aj)parently then this white abdomen is useful to guttidata 
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in the mating flights in the deep shade of the mountain gorges 
as its visibility is very obviously increased by this color pattern. 
A snufT'Colored, lowland I'lphemera would be practically in¬ 
visible under the same conditions. It is interesting to note 
that of several species of mayflies flying on these streams at this 
time guttiilata is the latest on the wing in the evening and flies 
after the others have ceased. Some of the smaller species fly 
a full hour earlier, so that, though, of dull colors they are quite 
\’isible. 

We can check this series of reactions of gultulata by a compari¬ 
son with the reactions of the other species of Icphemera, all of 
which inhabit either large open stream'^ or lakes. Probably the 
reactions of Ephemera simuUius, the common Lake Lrie species, 
are best known. 1'he inmph of this si)ecies burrows in the 
mud of the kike bottom, being obvimish' negati\ely ph()totroj)ic. 
At the time of emergciRe it become*^ positive!)' yfliototropic and 
ri^es to the liglit C)f the sky. At Pui-in-Ha)' this emergence 
takes j>lac<* between eight and ten P.M. It '-beds its skin as 
it rises through the ten to thirt)' feel of water so that on arrival 
at the surface it bursts out fully winged, when it becomes less 
positivel)' phototropic and llies toward the dark land. It rests 
on the shore veget.ition until the following evening when it 
sheds its flntd skin, becomes sexually mature and at twilight 
flutters up and down in the mating dance. At this stage it is 
evidently becoming i)ositivel\' phototropic again. In this twi¬ 
light nuptial dance it leaver the dark foliage for the more open 
lighter spaces. 1'he males grasp the females and release them 
after a contact of a few secoinP. 'khe female becomes at once 
completel)', positively phototropic and flies out toward the light 
surface of the lake to dej>o.sit her eggs. 

If we compare this series of reactions with those of giittulata 
of the shaded mountain streams, we find that two of the series 
of reactions of tlie latter are reversed. Giittulata is negatively 
phototropic as a nvTujjh, is positive as it emerges, but remains 
positively phototropic after emergence as it flies from the heavily 
shaded creek to the lighter areas above the shade. Further, 
after copulation it becomes negatively phototropic and flies down to 
the densely shaded torrent to oviposit. Anv’ of the open stream 
species of Fiihemera would react themselves away from the 
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shaded stream when they started to oviposit. So by these 
reversed reactions guttiilata is able to occupy a habitat that the 
normal members of the genus Ephemera are not able to occupy, 
one that is ecologically outside of the general habitat of the genus. 

Certain experimental studies in the behavior of maylly nymphs 
point to possible explanations of some of this series of reactions. 
Wodsedalek “ has demonstrated that the nymph of Heptagenia 
is negatively phototropic. Also that COo in the water will make 
a nymph which has been negatively phototropic, reverse its 
reaction and become positively phototropic. It is then possible 
that the change in reaction at the time of emergence, when the 
nymph ceases to burrow and swims up to the light, is due to an 
accumulation of COo in the nymph after its tracheal system has 
detached itself from the gills in the last nymphal eedysis. The 
shedding cf the skin actually starts by a general loosening of the 
chitin several hours before the final emergence occurs. During 
this time, if the gills are early detached, much CO2 could accumu¬ 
late in the tissues, enough eventually to reverse the phototropism 
and so cause the nymph to rise to the surface. 

On emergence the nymph fills its tracheae with air and simul¬ 
taneously becomes negatively phototropic, so that it flies toward 
dark land. It appears to retain this reaction until the next 
evening at dusk or for about twenty hours when it mates and 
the female at once becomes positively phototropic and flies 
towards the light surface of the open lake. During the intense 
nuptial dance her tissues have been accumulating COo and in 
some way the sexual orgasm overbalances the condition, gi^'ing 
the acid condition full sway. 

The experiments of Allee and Stein ^ show that the reactions 
are not as simply explained as they have been sketched in the 
preceding paragraphs. The actual intensity of the light probably 
also figures in some of the reactions. Krecker’s work ^ in the 
subimagoes of Ilexagenia, a close relative, shows that these, in 
spite of flying to the dark land, are positive to certain bright 

2 Wodsedalek. “ Pliototactic Reactions and their Reversal in the MayHy Nymphs 
of Heptagenia interpunctata (Say),” Biol. Bull., \'o 1 . 21, pp. 265-271, 1911. 

* Allee and Stein, “Light Reactions and Metabolism in Mayfly Nymphs," 
Jour. Exp. Zodl., \'ol. 26, pp. 423-458, 1918, 

^ Krecker, "Phenomena of Orientation Exhibited by Epheinerida?.” Biol. 
Bull.. \"o 1 . 29. pp. 381-388, 1915. 
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lamps. Anyone who has seen the snow storms of mayflies that 
come to the street lamps of the lake ports realizes that the 
subimago can have a reverse tropism under such conditions. 

We are beginning to recognize physiological species among 
insects—those based on habits and habitats. In parasitic insects 
particularly we recognize generic reactions to common hosts so 
that we unofficially recognize physiological genera. There is no 
reason why we should not, except the expediency of morpho¬ 
logical characters. X’iewed in this light .Jishtia nevadensis and 
Ephemera guttulata are physiologically outside of their respectix e 
genera. 

When the writer first thought through the habits and dis¬ 
tribution of the North American species of the genus .EsJnia, 
his conclusion was that the |)Ositi\e thermotropism of the low¬ 
land species was [)erli:ips different in degree and distinct for each 
species, thus explaining the restriction of each species to its 
specific thermal belt, 'riuis it appeared, at first, that this 
dilTerence in positi\e thermotropism ac counted for the fact that 
some .'ICshnas lixed in hejt Arizona, others in the cooler northern 
states, while still others are restricted to the northern parts of 
(anadaand Alaska. I low ever on investigating further this does 
not appear to be true. 

d'lie restriction of ea(*h specie's to its specific thermal licit is 
probably not due to a limitation of the positive thermotropism 
of the adult to the narrow limits of the piirticular thermal belt 
inhabited by th.it s[)ecies. 1'his is (juite contrary to Merriam’s 
theory of distribution by thermal zones.^ 

This distribution of the various species in difTerent thermal 
zones however is a very striking thing and some of the thermal 
conditions are easily sketched. Except for mulala, californica 
and multicolor, which are early spring species, the majority of 
the species of .Kshna are on the wing in August, so the writer 
has worked out the llying temperatures for August at four points, 
Yuma, Arizona, St. Louis, Missouri, St, Paul, Minnesota, and 
Sitka, Alaska. Lach of these is representative of the flying con¬ 
ditions for a restricted group of zEshnas. The Yuma tempera¬ 
tures apply to jalopensis, multicolor and arido. The St. Louis 

‘ Merriam, “Life and Crop Zones of the United States,'’ Bull. U, S. Biol. 
Survey, No. lo. pp. 1-79. 1898. 
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tem])eratiires apph^ to constricta, which is the onl\' species broadly 
distributed across the central states, while the St. Paul tempera¬ 
tures apply to a series of several species such as interna, cana¬ 
densis, umhrosa, etc. Ihider the Sitka temperatures we find 
sitkensis, subarctica and septentrionaJis, Such species as palmata 
and constricta are found in two or three of these zones. 

To define the flying temperatures the mean maximum and 
mean minimum day temperatures for August have been taken 
from the Weather Bureau Report for the above stations.® Ten 
degrees was then added to the mean maximum day temperature 
to give the approximate maximum sun temperature, which is 
the temperature to which the local dragonflies react positively, 
while the mean minimum day temperature remained unchanged, 
as it is a shade temperature to which the local dragonllies react 
negatively. Thus these temperatures show roughly the range 
of day temperatures which the species of yEshna meet during 
their flight season in each of the general zones represented by 
the temperature records. These records for August are as 
follows: 


Mean Maximum 
in the Sun. 


Mean Minimum 
in the Shade. 


Yuma, Arizona.... 
St. Louis, Missouri. 
St. Paul, Minnesota 
Sitka, Alaska. 




From the abo^ e it is ob\ ious that the temperatures during 
flight do differ greatly for the various species of yEshna. How¬ 
ever our observations indicate that all lowland T^shnas are 
always positive to heat so that the higher the temperature, the 
greater the activity of the insect. Hine’s observations^ on 
Kadiak Island were that palmata was most active on the warmest 
days. Walker’s obser\’ations ® on the Canadian species are that 
increased temperatures always increased the speed of /Eshnas 
but his observations do not include temperatures abo\'e 90°. 
Somewhere abo\’e 90° there may be a limit for this increase of 

Climatology of the United States,” Bull. 2, 1906. Temperatures for Yuma, 
St. Louis and St. l*aul. Monthly Weather Rcviciv, Dec., 1S98, p. 549. Temperature 
for Sitka. 

' In conversation with the writer. 

W'alker, p. 33. “The North American Dragonllies of the Genus yEshna," 
Univ. of Toronto. Biol. Studies, Biol. Series, No. ii, 1912. 
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speed as the temperature rises, which limit may be actually 
reached by some of the southern species on very warm days. 
The writer ^ has made one interesting observation in this regard. 
California and multicolor on \-er\- hot days when the temperature 
is from lOO® to 105° take frequent rests, by hanging up in the 
shade e\'ery few minutes. This was noted in the Yakima desert 
at Sunnyside, Washington. Apparently, for these at least, 
somewhere in the higher nineties a temperature is reached above 
which increase is depressing and no longer stimulating. How- 
e\*cr we can safely sa>’ that for all lowland species of .Eshna an 
increase of temperature up to 95° increases acti\'it\’ so that all 
arc ec|iiall\' posili\ely lliermolropic. 

The thermal distribution of the four grou|)s of species outlined 
abo\c must then be conditioned through some indirect check 
on the life histor\’. Some temj)erviture condition of the water 
for the n\*mph or the de\eloping egg ma\* be the limiting factor 
rather than the living temperature for the imago. rndoul)tc*dIy 
indi\iduals of each s|)ecieN continuall\' lly beyond the limits of 
the ojuimum habitat but the offspring of such do not sur\ i\ e or 
we \\()tild h*i\e .1 spre.iding specie's. 'I'liis coiist.mt [)ressure of 
the species of dragonllies into surrounding but uii^uittible habitats 
was worka-d out by the writer on l‘ut-in-Ha\' Odon.ita in 19J2. 
I n til we kiKJW the life histories of the wirious spec'ies in minute 
detail we will not be able to delme all of these limiting factors 
except as we stumble onto them accidentalUx 

A further conclusion <ii)[)earb indicated from this study. As 
all ACshnas, e.xcefU nreadensis, ha\ e one tyj)e of re.iction to tem- 
])erature in the imago, and all the hiphemeras, except guttulata, 
ha\e one ty[>e of reaction In light and the relictions of these two 
odd species are just the re\erse of the other sj^iecies in their 
respecti\e genera, we ma\* conclude that a gi\'en t>’pe of insect 
nervous s}'stem c»m l)e C(jm|)lelely re\ersed from its usual re¬ 
action more easih* than it can be modified in a lesser degree. 
This would api^ear logical from the theoretical grounds of the 
mechanics of the nersous system. Because of its minute size, 
the insect nervous system is characterized b\' the relatively 

• Walker, see ref. S, p. 33. 

Kennedy. “Tlic Ecological Relationships of the Dragonflies of the Bass 
Islands of Lake Erie,*’ Ecology. \*ol. III., pp. 325-336, 1^22. 
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small number of units (cither cells or combinations of cells) 
that comprise it. Such simple nervous systems obviously cannot 
produce the extended series of finely graduated reactions that 
are possible to a more complicated type of system. On the other 
hand the mechanism is already present for the reversal of any 
particular reaction. So a complete reversal of a generic reaction 
which puts the species entirely outside of the normal generic 
habitat, is more likely than the slight modification necessary 
to put it into a near but only slightly different habitat in which 
it would be held by only a slight gradation of the general reaction. 

At first thought, if it is easier to have a reversed reaction in 
the insect nervous system than to have a graduated reaction, one 
might think that the genus would fly apart as to any unity of 
environment, so that each species would have a habitat strikingly 
different from that of each other species, that there would be 
no such thing as a generic habitat. Observation shows that 
this is not so. Species are superimposed and habitats overlap 
in a most confusing manner and in any large genus there is 
usually an easily recognized generic type of habitat. So far 
not enough experimental work on behavior has been carried out 
to determine if the species of any one genus of insects are dis¬ 
tributed by graduated reactions to one type of stimulus. How¬ 
ever an analysis of some of the factors of the problem appear to 
indicate that such a distribution, for instance as the species of 
/Eshnaj show in a series of temperature gradations, may not be 
due to a slight difference in reaction to a specific stimulus, but 
may be merely an apparent series each species of which is held 
in its particular zone by some different i)Ositi\-e or negative 
reaction to any one of a \'ariety of stimuli.. 

An insect with incomplete metamorphosis passes through two 
stages, nymph and adult, in each of which it may pass through 
several physiological stages of development, d'he nymph has at 
least two, its feeding stage and its ciuiescent preemergence stage. 
The imago has at least five stages, the teneral, the sexually 
mature stage, which can be di\'ided into periods of hunger, 
periods of sexual lust, periods of egg-laying, and finally the stage 
of senility. The last need not be considered in a problem of 
species distribution as it is beyond and outside the genetic cycle. 
In each of these stages several stimuli control the individual, 
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the reaction to anyone of which may be the factor that limits the 
species to its particular environment. If we consider only ten 
of the more easily recognized tropisms then in the six physio¬ 
logical stages enumerated above we have one hundred and 
twenty positive and negative possibilities for a reaction to an 
individual stimulus that might limit the species to a specific 
habitat. The problem is really much more complicated than 
this as many more reactions enter and all are more or less con¬ 
ditioned by morphological factors. So there is no difficulty at 
all in accounting for a great varietv' of factors, any one of which 
may limit the species to a rather narrow habitat. 

In building llie conception in the student’s mind of the group 
of habitiits occuiiieil b\' all the species of a genus the mind auto¬ 
matically picks the most obvious habiitit characteristic that is 
common to all the habitats under consideration. If tliis habitat 
characteristic, such as living temperature for Jishnas, varies 
from habitat to habitat the mind atitomatiCidly considers each 
species delicately ailjti>ted to the exact degree of this variation 
in its specific habitat. 'This mav’ not be true at all. And the 
factor which limits each >pecie> inav* not be the obvious one but 
some inconspicuous factor and it may be in each species in the 
genus a factor from a dilTerent c.iteg(jry. It mav* be a tempera¬ 
ture factor in one, a moisture factor in another, a chemical factor 
in a third species, etc. 'rims gr.idtiated generic factors may 
largely be a compouiul figment of the mind of the observer. 


THE INDIVIDUALITY OF THE GERM-NUCLEI 
DURING THE CLEAVAGE OF THE 
FERTILIZED EGG OF THE 
ROTHH^R, ASPLAKCIINA 
INTERMEDIA} 

BARBARA WIGGEXHORX. 

DAVID D. WHITNEY. 

Recently while studying sections of the rotifer, Asplanchna 
intermedia (Hudson and Goss), double nuclei were discovered in 
the fertilized eggs while only one nucleus was seen in the parthe- 
nogenetic eggs. All of the cells in the early cleavage stages 
showed the two nuclei but in the later stages fewer and fewer 
cells contained two nuclei. It was decided to study the sections 
in an attempt to determine how late in the enibr\^onic develop¬ 
ment the two nuclei remain distinct. 

This species produces small parthenogenetic eggs developing 
into males, larger parthenogenetic eggs developing into females 
and large fertilized eggs which also develop into females. Both 
kinds of parthenogenetic eggs may be distinguished readily by 
their very thin covering membrane. It appears to be no thicker 
than the covering membrane of the blastonieres of an embryo. 
(Fig. I, A-G). The covering of the fertilized egg is many times 
thicker and also shows a different structure than that of the 
parthenogenetic eggs. By noting the cox ering membranes alone 
one can distinguish these two kinds of eggs at a glance. (I'ig. i, 
A, D, II). No obser\er has e\^er found a parthenogenetic egg 
with a thick shell in this species. 

When the male parthenogenetic egg is fertilized it becomes 
larger, de\ elops this thicker characteristic shell and is popularly 
known as the winter egg. The origin of both of these eggs is 
identical but their mature appearance depends upon whether they 
are fertilized or not. They both produce two polar bodies while 
the female parthenogenetic egg only produces one polar body. 

^ Studies from the Zoological Laboratory. The University of Nebraska, No. 142. 
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Fig. t. / 1-C, sections of early embryos developing from parthenogenelic 
female-procliicing eggs showing one nucleus in tlie cells; D-G, sections of early 
embr>'os developing from parthenogenetic male-producing eggs showing one nucleus 
in the cells; II-J, sections from embryos developing from fertilized eggs showing 
two nuclei in some of the cells. 
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As this form of rotifer is oviviviparous and the females fre¬ 
quently carry from i-io developing embryos and young it was 
found practical to fix entire individuals in the killing fluids. 
Flemming’s strong solution for about one hour was used. Then 
the material was bleached, dehydrated and imbedded in clove oil 
and paraffin. Large numbers of individuals were sectioned in 
masses, cutting sections 5 microns in thickness and the favorable 
sections studied. These animals were raised in great numbers 
in laboratory cultures in weak horse-manure solutions. The 
figures were outlined by means of a camera lucida with a magnifi¬ 
cation of about 430 diameters and the details filled in free hand. 

As it is the male parthenogenetic egg that can be fertilized 
and changed into a larger and thicker shelled egg it is of some 
interest to compare the nuclei of the cells in the embryos devel¬ 
oping from these eggs without fertilization and with fertilization. 
For a complete comparison the female parthenogenetic egg has 
been included. 

Each cell of the embryo developing from both kinds of the 
parthenogenetic eggs contains only one nucleus regardless of 
whether it is in the 2-cell stage or in later stages of a larger 
number of cells (Fig. i, yl-G). Many hundreds of sectioned 
embryos have been observed in the various celled stages and not 
one has been found whose cells contained more than one nucleus. 

A few somatic cells were found in which the chromosomes 
could be counted fairly accurately in the embryos developing 
from both kinds of the parthenogenetic eggs. The small male 
embryos developing from the male parthenogenetic egg showed 
the haploid number of about 25 and the larger female embryo 
developing from the female parthenogenetic egg showed the 
diploid number of about 51 chromosomes (Fig. 2, A~B). Al¬ 
though the chromosomes are \'ery small and somewhat crowded 
together their exact number is reasonably certain. Tauson 
working on this same species has concluded the haploid number 
in the mature male parthenogenetic egg to be 24 and the diploid 
number of 48 in the female parthenogenetic egg. 

In the early embryos developing from the fertilized eggs two 
distinct nuclei appear in each cell. These nuclei usually appear 
apposed to each other but clearly distinct (Fig. i, II), In later 
stages only some of the cells show the two nuclei and as the 
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embo’O becomes older and is comprised of many more cells very 
few of the cells are found containing two nuclei, as for instance 
about the 250-cell stage only two such cells were found in a 
section (Tig. i, I J). Beyond that stage no cells ha\e been 
found containing two nuclei. 
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I'lr,. 2. A, somatic ccM of a female embryo developing from a parthenogenetic 
egg showing 51 chroino'ioiiies; IS. somatic cell of a male developing from a partlieno- 
genetic egg showing 25 chromosomes; C. the two nuclei of a matured and fertilized 
egg showing 26 chroim'somes in each nucleus; D. a double spindle from a somatic 
cell of an embryo developing from a fertilized egg. Drawings somewhat dia¬ 
grammatic because of minute size of chromosomes. 

Mitotic figures occur showing double spindles which seem to 

indicate that the two nuclei divided independently of each other 

in cell division (Fig. 2. D), Whv this occurs only in the cells in 
27 ^ ' V 
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the early stages of the embryo is not determined. Perhaps as 
the cells become more numerous and consequently smaller the 
size ratio between nucleus and cytoplasm is so altered that 
there is only room for one mitotic figure and consequently both 
nuclei are crowded into one fused nucleus. 

A section was found of a fertilized egg in the one-cell stage 
in which the chromosomes could be counted fairly accurately. 
Each nucleus seemed to have 26 chromosomes. This fact 
clearly differentiates it from either of the parthcnogenetic eggs. 
It also furnishes additional evidence to support the claim that 
the fertilized egg was originally the male parthcnogenetic egg 
which has been entered by the sperm. The haploid number of 
26 chromosomes is found in the mature male parthcnogenetic 
egg and in each of the two nuclei of the fertilized egg. One of 
these nuclei in the fertilized egg is undoubtedly the egg nucleus 
and the other is from the sperm (Fig, 2, C). 

Further observations of the sections of the fertilized eggs show 
that in the first cleavage each nucleus gives rise to two groups 
of chromosomes each of which passes separately to the daughter 
nuclei (Fig. 2, D). During the ensuing resting stage each germ 
nucleus is represented by a structurally distinct vesicle. Thus 
the separateness of the germ nuclei is maintained throughout the 
entire nuclear cycle. In mitosis there seem to be two spindles 
each with its distinct set of chromosomes which separate regard¬ 
less of each other. Probably each group of chromosomes splits 
into halves, and a maternal and a paternal group go to each 
end of the double spindle, so that each daughter cell receives 
two sets of chromosomes around which separate walls are formed, 
and a maternal and a paternal vesicular nucleus appear. 

The double nuclei have been found up as far as about the 
250-cell stage. In one section of an embryo there were 103 
\'isible cells and among these two had double nuclei (Fig. i, 
J 1-2). 

Two distinct nuclei in fertilized eggs and their developing 
embryos have been observed in oiIut forms by various other 
workers. Mark observed this phenomenon in Limax, Van 
Beneden in Ascaris^ lliicker in Cyclops, Fonklin in Crepidnla, 
Beard in Raja halts, Smith in Cryptohranchus allegheniensis and 
other workers have seen indications of it in other forms. No 
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one has obser\ed this in rotifers pre\'iously nor ha\ e the two 
nuclei been seen in as late stages as in this species of rotifer. 

Summary: It has been found in Asplanchna intermedia that 
the germ nuclei in the fertilized egg do not fuse in the early 
cleavage stages, but each gives rise to two sets of about c6 
chromosomes, one set of which pass into each of the daughter 
nuclei, luich nucleus is a structurally distinct vesicle. 

In later cleavage stages the nuclei become fused so that in 
about the 250-cell embryo only a \ ery few show the two nuclei 
in one cell. 
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THE RELATION OF CARROxN DIOXIDE TO 
SPONTANEOUS ]\IO\T.MENTS IN THE 
LARV/E OF OPSANUS TAU. 


UEXRV C. TRACV.i 

Spontaneous movements in embryos have been reported in 
the literature since the time of William Harvey (1651). Such 
movements ha^’e been observed in many groups of animals, and 
their occurrence is probably a universal phenomenon.“ 

More or less definite statements as to a relation between 
embryonic movements and respiratory conditions, have appeared 
several times in the literature. 

Balfour (’76) says: “The band [of longitudinal striated 
muscles] developed at this stage [//] appears to be a special 
formation which has arisen through the action of natural selec¬ 
tion, to enable the embryo to meet its respiratory requirements, 
by continually moving about, and so subjecting its body to 
fresh oxydizing influences; and as such affords an interesting 
example of an important structure acquired during and for 
embryonic life.” 

Ahlfeld (’05) showed the existence of rhythmic movements in 
the human fetus during the second half of pregnancy, manifested 
by rhythmic undulations of the maternal abdominal wall. 
These movements were near the rate of respiration in the new¬ 
born and were interpreted as preliminary respiratory movements. 

vSarwey (’i5) states that there is an increase in the strength 
and frequency of f(etal movements at the beginning of asphyxia 
and shortly before death. 

Minkowski (’21) says: “On admet generalnient que I’asphyxie 
de la mere mene a une augmentation des mouvements fcctaux, 
I’asphyxie directe du fa^lus pourrait done egalement le faire. 
Le mancjue d’oxygene agirait alors conime une excitation inter- 

^ Conti ibution from the laboratory of the United States Bureau of I'ishcrics, 
Woods Hole, Mass., and the Department of Anatomy, University of Kansas. 

2 References to the literature on these movements may bo found in Preyer, ’85; 
Munkowski, ’21, and Wintrobert, ’20. 
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ieure provenant du sang, et determinerait ou favoriserait du 
moins les mouvements du foetus.” 

Wintrebert (’14) states that in the trout the embryonic 
contractions are more frequent and lively in a medium containing 
CO2 than in one containing oxygen. He considers ('20, pp. 450), 
these movements favorable to respiration, excretion, and circu¬ 
lation. He also states that lack of oxygen depresses the move¬ 
ment (in Selachians).^ 

P 3 xperimenting with cat feluses eight to nine centimeters long, 
Graham Brown (’14) obser\'ed that rhythmic alternating 
movements of the limbs (interpreted as progression movements) 
arose spontaneously and could also be produced by asphyxia 
resulting from presMire on the umbilical cord. 

In adult animals, the reLition between the res|iirator\’ center 
and GOo has long been known, even though the exact mechanism 
is still in doubt. Stimulating elYects of asphyxial conditions on 
blood pressure and motor mechanisms through the spinal cord 
have been reported (.MathlM)n, ’10 and ’11). 

A. n. W’aller (’<> 6 ) fc)und an incre.ised irritability in nerve 
libers treated with ('()•_*. the effect varying with different con¬ 
centrations. Koaf (‘12) showed that the rate of branchial 
moxements In fish showed a po>iti\e correlation with the H-ion 
concentration and w ith the concentration of the a|^|:)endages 

of barnacles >h()Wed a negatixe correlation to these conditions. 

'I'hese ohserx ations .ind other well know n pin biological studies 
indicate th.it stimulation b\‘ metabolites occurs In many dilTerent 
varieties of contractile and iransmlsbixe mechanisms; it, there¬ 
fore, may be exfiected that alteration of body fluids with 
respect to respirator)- conditions may haxe some relation to the 
endogenous moxements of embryos, and in fact it Is ]:)OssIbie 
that ch.inges in such conditions max* be the most imj^ortant 
factors in the production of these movements. 

I'he experiments reported in this paper xvere undertaken in 
order to lest the effect of dilTerent concentrations of CO2 in the 
sea water on the spontaneous movements of larxxc of Opsaniis tan. 

The yolk sac, xx ith tlie netxx'ork of capillaries ox er Its surface, 

> So far as his descriptions go, the depression of movements which he observed 
appears to have taken place under asphyxial conditions and were probably due to 
the narcotic action of a considerable excess of CO2 (XVintrebert, ’20. pp. 324 and 
32S). 
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furnishes fa\'orable conditions for an interchange of substances 
between the sea water and the blood of the larva? and probably 
acts as a respiratory organ before the branchial mechanism 
becomes functional. It is, therefore, comparatively easy for 
purposes of experiment to change certain chemical characteristics 
of the body fluids of the larva by altering the character of the 
sea water around it. 

Opsaniis tan (toad fish) is an inactive bottom fish which 
inhabits shallow, sheltered water. The eggs are found in such 
localities, fertilized and in the process of development, attached 
to the under-side of sticks, stones, tin cans, etc. The objects to 
which the eggs arc attached may be brought into the laboratory 
where they develop in an apparently normal manner if furnished 
with a constant supply of fresh sea water. The eggs hatch in 
3 or 4 weeks; the yolk sac, however, remains attached; about 
three weeks later, the larva has absorbed nearly all the yolk; 
it then becomes loosened from its attachment and swims free. 

In this species the first observable movement is the heart 
beat which begins in specimens of I2 to 14 somites. The earliest 
stage at which muscular mo\-emcnts of the body were obser^’ed 
was in a specimen about 19 somites. Movements appear in 
the first few somites (2 to 4 or 5); the somites contract slowly 
and apparently simultaneously, causing a lateral bending of the 
anterior body region. 

These mo\’cments take place singly and at irregular intcr\'als, 
often with several minutes between and with no apparent 
relation between successive movements. Responses to external 
stimuli, however, do not take place until a much later period, 
in fact, not until after hatching. There seems, therefore, no 
question that these early mo\’cments are the result of changes 
in the internal conditions. 

Soon, however, there appears a slight tendency for movements 
to appear in groups; this tendency increases until at the time 
of hatching, in addition to occasional single bendings of the body, 
right and left alternating coils of the body often take place very 
rapidly for a brief intciA’al, producing a kind of \’ibratory or 
fluttering” mo\'ement of the whole body. These ''fluttering’' 
mo\'ements become more and more predominant during the 
larval stage, \\1ien the free swimming period begins the “flut- 


Sl^OXTAXEOUS MOVEMENTS IN LARV.E. 


4II 

tering’" movements of the body which alternate with irregular 
intervals of rest have now become regular undulating vibrations 
which cause short bursts of swimming movements of the fish 
through the water. 

It is evident that the spontaneous movements of the embryo 
are gradually elaborated into the swimming mo\ ements of the 
free larva. Similar bursts of motion at the end of considerable 
intervals of rest on the bottom are characteristic of the adult 
throughout its sluggish existence. In the other teleosts which 1 
have observed {Fund id us and Tautogalahus)y the embryonic 
movements occur with much greater frequency and with only 
\'er>' brief inter\'als between; during de\elopment these move¬ 
ments become merged intf) the continuous type of mo\ements 
characteristic of fishes of pel^igic habits. It would ap|)ear that 
the acti\’ity habits of the-^e animals are not widely dilTerent at 
any stage of their existence, .iiid are determined b\’ some internal 
pliN'siological mechanism, the earliest expression of which is 
found in the spontaneous mn\ ements of the embryo. 

Spontane<jus nio\ement'> (jf the mandible and branchial 
mechanism begin soon afti r hatching: they are, at first, slight 
and irregular, but graduall) , in the course of about 5 days, 
they (.leveloj) into the respiratory rln thin. 1 Xterocejitixe and 
propriocci)ti\e reaction mech.inisms do not respond to external 
stimuli at the time of h.itching but gr.idualU' become functional 
during the larwil period. 

rreliniinary ex|)eriinents were carrieil out in the summer of 
iqjg at the Marine Biological Laboratory at Woods Hole.* 
Newly hatclied lar\'.e were exposed to sea water from which all 
the gases were remo\e(.l by i)assing hydrogen for an hour and a 
half through sea w.iter which had been pre\ iously boiled. 

Of 13 specimens, under these conditions, ii showed a decrease 
in spontaneous mo\ements. In another set of experiments 8 
larVcC were exposed to sea water in w Inch a number of Fund ulus 
had been allowed to remain until they showed signs of asphyxia¬ 
tion; of these, 6 specimens showed a decided increase in spon¬ 
taneous movements. In another experiment, 6 specimens were 
placed in K('N n 1000 in sea water. In all of these sj:)ecimens, 

^ Tlie research room at the Marine Biological Laboratory was supplied me from 
the Graduate Research Fund ol the University of Kansas. 
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the movements were immeciialely stimulated to such an extent 
that they were nearly continuous during the first 15 minutes; 
they slowed down gradually, reaching about normal at the end 
of the first hour; during the next following 15 minutes, the 
movements ceased entirely. The results of these experiments 
show a close resemblance to reactions which would have been 
expected from a respiratory mechanism under similar con¬ 
ditions. 

During the summer of 1923 at the laboratory of the United 
States Bureau of Fisheries,^ at Woods Hole, I attempted to 
carry out more accurate experiments by subjecting Opsanns 
larvae to sea water of known definite partial pressures of COo. 
For suggesting this method I gratefully acknowledge my in¬ 
debtedness to Doctor Homer W. Smith. Details of the method 
have since been published (Smith and Clowes, '24). 

Methods. 

The method of experiment consisted essentially in adding 
different percentages of HCL 7z/20 to the sea water in which the 
larvae were placed. The changes in CO2 partial pressure, and 
the H-ion concentration produced by this means are stated in 
the tables. 

In applying this method, the following sources of error had 
to be taken into account: 

(1) \"ariation in frequency and duration of the spontaneous 

movements in different indi\uduals, and in the same 
individual at different times. 

(2) Temperature changes. 

(3) Stimulation by manipulation and handling of the embryo 

previous to the beginning of each experiment; previous 
observations had shown that manipulation of the yolk 
sac which results from handling of the larvee, pressure 
of flowing water, etc., may cause an increased movement 
e\ en though the larxxe do not respond to direct tactile 
stimulation. 

^ In connection with laboratory arrangements in the conduct of these experi¬ 
ments I am greatly indebted to Ur. R. E. Coker, Director of the Laboratories of 
the Woods Hole Station of the U. S. Bureau of I'isheries. 
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(4; Stimulation of mo\cments which might result from the 
shaking the bottle containing the specimens, after the 
addition of the acid to the sea water. 

To control these sources of error, the following routine pro¬ 
cedure was adopted. The larwe were taken from the stock in 
the aquarium, scraped otT frejm their attachment, and placed in 
a 250 cc. flask of fresh ^ea water at 25° C., and allowed to remain 
undisturbed from one half hour to an hour. The bottle con¬ 
taining the larwe wa^ then shaken a definite number of times 
(20 uniform liack-and-forth moN enients). I'his procedure ser\ ed 
as a control for tlie shaking after addition of the acid; se\ eral 
experiments .seemed to show that stirring of the sea water in 
this manner liad no appreciable effect on the movements of the 
lar\ce, but neeerthele^'^, at the bi-ginningof each record of normal 
movements the bottle was >haken as described. I he movements 
of tile larva* were then recorded for a period varying from 15 
miiuites to one half hour; this furnished the record of the 
movements tinder normal conditions of each indivitlual at 25° C'. 
At the end of this time, a little sea water was poured out of the 
bottle, the proper amount «)f IK'I- n 20 added and the contents 
of the bottle maile up to exactlv- 250 cc. with sea water and the 
stopper inserted, 'fhe^e oj>eration'' were carried otit as rai)idlv’ 
as po.ssible in order to ])revini the escape of C'Oo into the air. 
'file bottle was then stirri*d as (le-(Tibed above for the normal 
control) in order to sec'ure a*- rapi<llv’ as possible a uniform CO2 
pressure and 11-ion concentration throughout the water in the 
bottle, 'rile movements were then recorded, usually for 30 
minutes to one hour. At the clo>e of this period, the acidulated 
sea water was jioured ofl, and replacetl with fresh sea water of 
the same temperature, 'fhe slight agitation of the larvxx which 
was unavoidable in {lotiring oil the acidulated water is probably 
a sufficient control for the stirring at the beginning of the previous 
steps in the experiment. A record of the movements was 
then made. 

In making the record, the time, character and extent of the 
movements were noted. .\ single coil to one side w'as taken as 
the unit. 'The number of separate movements can be recorded 
in this way with considerable accuracy; but in the case of 
movements following each other in rapid succession, as in the 
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“fluttering” movements mentioned abo\'e, a somewhat arbitrary 
method is necessary. These “flutters” were assigned a value of 
lO, which seems about the minimum estimate of their value. 
At the free swimming stage these “flutters” sometimes continue 
several seconds which, of course, cause an extended swimming 
movement; a value of lo for each second was given for such 
movements. The results thus arrived at are partly based on 
estimates and hence cannot be exact. But they will serve to 
gi\e the general order of magnitude of the movements of the 
larvae under different conditions. ]\Iost of these movements are 
undoubtedly greater than the minimum assigned value; hence 
the error favors a negative result. Since the melliod of estima¬ 
tion of numerical value was the same for the same larva under 
both control and experimental conditions, errors due to the 
method of recording tend to neutralize each other. 

The records of each experiment were afterward transferred to 
chart records by recording the total numerical value of the 
movements for each minute on cross-section paper. The records 
of all specimens for each concentration of COo were then averaged 
for each minute; then, in order to smooth the curves somewhat, 
averages for each two minutes were taken and recorded as 
shown on the charts accompanying this paper. 

Observations were made at two periods of the larval develop¬ 
ment: 

(1) Within the first five or six days after hatching and before 

external respiration had begun (lar\Te about 6 or 7 mm. 
in length). At this stage there is no response to light, 
rotation, jar, or vibrations and little or none to tactile 
stimuli. 

(2) At the end of the larwil period when the yolk sac is nearly 

absorbed, and the larva? arc on the point of swimming 
free (18-20 mm. in length). All the reaction mechan¬ 
isms, as far as known, arc now functionally developed. 

llie bclia\’ior of the respiratory mechanism in the free swim¬ 
ming laiA'cC (second period) was obserxed under the different 
conditions of CO2 and the record superimposed on the charts 
recording the body movements. The time in seconds necessary 
for the completion of 10 respiratory moxements was taken with 
the stop watch for each indixidual (whenever possible the 
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average of 3 observations for each minute), and the average of 
all the indi\ idiials for each concentration of CO2 \vas indicated 
on the charts for each two minutes by the number of spaces 
above the base line. 

Results. 

In the first stage 3 or 4 >pecimens can be studied at the same 
time in one experiment; but in the free swimming stage only 
one specimen can be recorded at a time. The breeding period 
of this species is brief, hence, the number of individual records 
obtainable is not as large as i> desirable, but when the a\'erages 
are brought together the rc)nclu-ions stated below* seem justified. 
lUit the number is insiilficient to give a smooth contour to a 
cur\e indicating the efie<'t of any given concentration with 
resf)ect to the time ol expo-sure or to state in an exact manner 
the effect of different com entrations. 

d'he chart records indiiate the following relatit^n between 
changes in the parti*d pre'-'-ure of CO., and the bod\' movements 
anti respirtitorv rate. 

. 1 . Body niov ements, 

1. 'File movement'' in each group show an increase 

during the fir>t ii‘w minutt‘s following an increase 
in tlu‘ com entration of (Oo- 

2. W hen the specimens in the water containing the 

higher concentiMiion of ('( >2 are returned to normal 
sea water, the innvenu*nts in each group are dc- 
pres^ed consider.ibly below the normal. This 
depression is very pronounced during the first 10 
minutes ,ind gradually approaches the normal 
during the 30 minute |)eriod. 

3. 'The inteiisitv' of the re.u'lion varies with the increase 

in lip to the middle range of concentration; 

above this the intensity of stimulation decreases 
with the increase of CO2 concentration. 

4. 'file reaction to increased CO2 is less intense but of 

greater duration in the earlier than in the later 
stage. On returning to normal sea w'ater the 
depression of movement is less in the earlier than 
in the later stage and recovery is slower. 

The dilTerent elTects in the two stages are not easy to explain. 
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They might possibly be clue to the presence of the large yolk 
sac in the younger stage. The mass of the larva at hatching is 
considerably less than that of the yolk; the yolk then must act 
as a '‘buffer'’ and the increased CO2 is "soaked up” from the 
blood by the yolk substance inside the vitelline net work nearly 
as rapidly as the blood absorbs it from the water outside. The 
increase in concentration in the body fluids of the larvae is, 
therefore, relatively slight at first and increases slowly until the 
yolk substance approaches ecjuilibrium with the sea water relative 
to the CO2 concentration. It is only in the high concentrations 
that this can take place during the first 10 minute period. In 
returning to normal sea water the blood begins to absorb the 
CO2 back from the yolk and hence the depression period is 
pronounced. 

At the beginning of the free swimming stage the amount of 
yolk remaining is very slight, and in the gills active interchange 
of gaseous substance is taking place directly between the sea 
water and the body fluids of the larva; the effect of increasing 
the concentration of CO2 in the sea water is, therefore, almost 
instantaneous and hence the stimulation rapidly reaches its 
maximum, followed quickly by the depression due to effects of 
excessive CO2. The rcco\'ery in the normal sea water is rapid 
on account of the rapid attainment of equilibrium betw'een the 
inside and outside of the larva through the branchial system. 

It is, how^ever, difficult to understand why it should re(|uire 
SC) long a time for the yolk substances to take up the CO2. 
According to the combined record of the newly hatched lar\'a? 
(Chart XII.) the heightened reaction lasts about 25 minutes, 
but only 10 minutes in the free swimming (Chart XIII.). 

There are, of course, other differences between the tw'o stages. 
In the first there is a relati\c preponderance of undifferentiated 
tissue, as compared w ith the later stage. The chemical relations 
of young tissue must be different from older. The larvte will 
endure asphyxial conditions better than the adult (sec p. 19). 
Anaerobic respiration is knowTi in the \'oung of other forms. 
Susceptibility to strychnine is less in young than in adults 
(Schwartze, ’22). Apparenth', young tissue has greater adjust¬ 
ment capacities to factors affecting a fundamental activity like 
metabolism than older tissue. 
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It must be stated that there are a few aberrant specimens 
which fail to react in the usual manner. The number and 
incidence of these are shown in the tables. Some of these 
exceptions are only apparent, since most specimens show move¬ 
ment either while the bottle containing them is being shaken 
or in the inter\'al (a minute or less) immediately afterward, 
before the record can begin. These movements, of course, do 
not appear in the record. Also, there seem to be more aberrant 
specimens in the higher concentrations because of the stronger 
narcotic action of ( < >2 and its more rapid onset. Some are 
perhaps pathological in ^pite of careful effort to select only 
healthy specimens; there is a large mortality under laboratory 
conditions, [K*rhaps 50 per cent, during the hir\al period. Most 
of these exceptional 'specimens are probably thus explained; 
whether all can thus be accounted for, is uncertain: there may 
be pin si( 4 ogi(Ml Conditions in which an increased ( '(>2 may 
produce a depression imniedi<itely instead of stimulation. 

B. Kate of Respirator\- Mo\ements. 

In the lower raFi^.t'- of (.oncentration of COc. the respiratory 
rate is faster during the period of exposure (C harts \d., \’ll., 
'riie middle ranges of ('()> concentration (('harts IX. 
und X.) ap|)e.ir to ri*^ult in a b.ilance between the stimulating 
ainl depressant ellect^. In the iiigher ranges (('hart XI.) after 
a short peri<Kl of '-limulation, the rate falls coiisiderabK' below' 
the normal. In the extreme concentratir)ns (addition of 3.5 per 
cent. 4 per cent, acid to the sea water ('hart XI\'.) the respi¬ 
ration becomes irregular, then of the ('heyne-Stokes type; after 
a time it gradualh* impro\es and becomes regular, though 
proceding at a somewhat slower rate than in the normal. Keuss 
(’10) has sltown the stimulating effect on the respiratory rate of 
moderate concentration of C'C)2 in adult fish and the depressant 
effect of higher concentrations. There is, therefore, a tendency 
for these higher concentrations to break down the respiratory 
system; the capacity for reco\ er\- is probably dependent on 
some secondar\' reser\ e mechanism. This capacity for recovery 
seems not to be p<jssessed b\' the spontaneous mo\ ements. 

On return to normal sea water, the effect of the lower con¬ 
centrations (Charts \ 1 ., \' 1 I.) is the same on the respiratory 
rate as on the mn\'ements, that is, a depression below* normal; 
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in the case of the higher concentrations, the respiratory rate 
rises abo\ e the normal on return to normal sea water. 

Obviously there is a close similarity between the effect of 
COo on the rate of movements of the body and rate of respiratory 
movements in the lower concentrations; in the higher concen¬ 
trations the respirator}^ mechanism has a compensatory capacity 
both during exposure and in recovery afterward, which is not 
possessed b\' the motility mechanism. Apparently, then, the 
regulation of respiration and motility at ordinary concentrations 
of COo takes place through similar mechanisms; in high concen¬ 
trations, the respiratory system can bring into play secondary 
reserve mechanisms, which appears to be beyond the capacity 
of the system controlling body movements. 

The resistance of these larvae to asphyxiating conditions is 
very great. One of these larva? was left over night in a bottle 
containing the highest concentration of COo; the next day the 
specimen la\’ motionless on the bottom of the bottle with the 
respiratory rate about the same as shown on the preceding day; 
on putting the specimen into fresh sea water the respiratory rate 
quickly jumped above the normal, the body movements ap¬ 
proached the normal in 12 to 15 minutes. Larva? placed in 
water from asphyxiated Fnndnhis (which causes acute symptoms 
in half grown adult toad fish) apparently suffered no inconven¬ 
ience; in boiled sea w'ater, through w’hich hydrogen had been 
bubbled for one and a half hours, the early lar\ ^e show no effects 
during the first hour and a half (aside from reduction of body 
movements) although oxygen was entirely absent. Evidently 
anaerobic respiration is possible for a considerable time at least, 
in these embryos. 

Stockard (’21, p. 173) indicated the probability that double 
and abnormal embryos in fishes may be produced by asphyxial 
conditions at certain stages. In the toad fish I have found only 
one double lar\'a, although in the course of several seasons I 
ha\’c examined se\’eral thousand specimens. This high degree 
of resistance to asf)hyxial conditions is no doubt correlated with 
the crowded stagnant condition of the water in which this species 
passes its embryonic and larval life. 

ddiat there is some definite relation l)ctween spontaneous 
mo\'cments and respiratory movements is show n by the reduction 
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in the rate of respiratory movements which seems always to 
exist immediately after each spontaneous movement (Chart X\’.). 
At the end of each movement the branchial apparatus is motion¬ 
less for a few seconds; it begins activity \’ery slowly, and grad¬ 
ually resumes the normal rate in 10 to 15 seconds. This phe¬ 
nomenon may be due to acapnia induced by the rush of water 
through the gills while the larva is in motion; furthermore, if it 
is the production of metalxjlites which stimulates the body 
mo\’ements, the same substances would probabK* increase the 
volume of blood llowing through the branchial N essels and thus 
fa\'or the washing out of ('t)-j from the blood; a brief inacti\ity 
of the respiratory mechanism then ensues, due to the lack of 
stimulation. 

Speculation as to the details of the mechanism by which 
embry(jnic mo\emeni'^ are Niimulaled anti de|)res^ed under the 
\arious conditions dc'-cribed in this paper seems premature 
until tlu‘ rehilion between specific effect of C'O^ and variations 
in the 11-ion concentrati(jn has been experimentally determined. 
hXperiments with 1 \(W, with different concentrations of C( )j, 
and with < (>2 remo\e(l, indicMte that essentially similar mech- 
anism> regulate respiratory and botU* mo\ements, except for 
some accessor\' re^erxe s\>tem which exists in the ca^e of respi- 
ral<)r\- mo\ ements. 

'fhe relation of dilTerent concentrations of ('().! to the amt)unt 
of motility must be a signifu\int factor in determining the 
migrations and habitat of fishes, .'^helford, Weils and Powers, 
(Shclford, ’23) in their work on the relation of 11 -ion gradients 
to the moN'cment of fishes ai>parently did not study the mech¬ 
anism of the reactions. 1'he results which these writers report 
are perhaps due to the direct elTects of ll-ion changes in the 
body fluids on the primitive ncuro-muscular system, or, in other 
words, to variations in the rate of the endogenous, “spontaneous” 
mo\emcnts conditioned b\’ alterations in the amount of CO2 or 
H-ions in the surrounding medium. According to this \*icw’, the 
optimum H-ion concentration is automatically determined by 
the efTect of difTerent parts of the acidity gradient on the endo¬ 
genous movements, and not to any “choice” or “selection” on 
the part of the lish. 

A question of broader significance is raised by these experi- 
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merits since the results suggest that endogenous movements 
may be stimulated by variations, local as well as general, in the 
concentration le\'el of metabolites which result from differences 
in the metabolism rate in different regions of the embryo. Jacobs 
(’22, p. 25) has made a similar suggestion regarding the produc¬ 
tion of pseudopods in Amoeba. 

Summary and Conclusions. 

1. Newly hatched and free swimming larvaj of toad fish 
{Opsanus tan) were subjected to different concentrations of CO2 
produced by additions of different percentages of HCL ?//20 to 
sea water, 

2. Increased concentration of CO2 is followed by an increase 
in the endogenous (spontaneous) body movements in both 
stages; in newly hatched larvae the reaction of CO2 is less intense 
but of greater duration (average about 25 minutes) than in 
free swimming lar\'a3 (average about 10 minutes). 

3. On return to normal sea water from the higher concentra¬ 
tion of CO2. the frequency of the body movements is depressed 
below the normal; the depression is less in the newly hatched 
larvae than in the free swimmer and the reco\’ery is slower. 

4. In the lower ranges of CO2 concentration, the body move¬ 
ments (in both stages) and the rate of respiratory mo\ements 
(free swimmers) vary with the increase in COo; in the higher 
ranges the body movements, after a period of stimulation, 
remain depressed far below the normal, while the respiratory 
movements, after a brief stimulation followed by depression and 
irregular rythm, recover and proceed regularly at a little below 
the normal rate. 

5. On return to normal sea water, the body movements for 
all concentrations of CO2 remain depressed (about 30 minutes 
for the free swimmers, longer for the newly hatched larva^; 
the rate of respiratory movements is below the normal for the 
lower concentrations, but is increased above the normal on 
return from higher concentrations. 

6. Respiratory movements and spontaneous body movements 
react similarly to the lower concentrations of CO2 and hence 
their regulation probably takes place through a similar mech¬ 
anism; at the higher concentrations, the respiratory system 
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appears to bring into play a secondary reserve mechanism which 
gives it a compensatory capacity not possessed by the neuro> 
muscular system through which body movements are produced. 

7. Toad fish larvae are much more resistant to asphyxial 
conditions than adults. 

8. It is suggested that the migration of fishes in a H-ion 
gradient is probably conditioned by the effect of acid substances 
on the endogenous body movements. 

9. It is suggested that stimulation by variation in the concen¬ 
tration level of metabolites produced inside the body may be 
the source of endogenous (s{)ontaneous) movements. 
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Explanation of Tables and Charts. 

Charts I. to V. are records of specimens just hatched, belore the beginning of 
respiration. 

Charts \T. to XL are records of specimens at the beginning of the free swimming 
stage. 

Chart XI1. is the combined record of the movements of the just hatched larvae 
under all concentrations of CO2. 

Chart XIII. is the combined record of the movements and respiration rate of 
the free swimming larvae under all concentrations of CO2. 

Two minute spaces are marked off on the horizontal base line: height of the 
line indicates the average amount of movement (estimated as described on p. 10) 
made in each minute of the two-minute period by the specimens in each concentra¬ 
tion of C02. The average amount of movement each minute under normal condi¬ 
tions for the time observed (15 minutes to i hour) is indicated by the arrow at 
the beginning of each chart, marked A. N. M. The arrow marked A. M. R. 
indicates the average movement per minute when the larvae are returned from the 
acidulated water back to the normal. 

In Charts \T.-X1. and XIII. the respiration record of the free swimmers is 
superimposed on the movement record (respiration not being established in the 
just hatched larvae). The height of the short horizontal line in each two minute 
space indicates the number of seconds (usually the average of three observations 
in each minute) taken for 10 respiratory movements (average for all the specimens 
of each concentration of CO2). Hence a drop in the line means increased respira¬ 
tory rate, and vice versa. The observed normal rate (average for each minute) is 
indicated at the beginning of each chart by an arrow marked A. N. R. 
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The arrow marked A. R. R. indicates the number of seconds required for lO 
respirator>' movements when returned to normal sea water from the acidulated 
water. 

Chart XIV. shows the influence of high concentrations of COi on the respiratory 
rate in two individuals {A and B). 

Chart XV. shows the fall of the respirator^' rate which is observed at the end 
of each spontaneous movement. 

On Tables I. and II. the average number of movements (that is. the number of 
separate movements which took place regardless of extent and character) is given 
for each lo-minute period under different conditions. 

In Tables III. and I\'. is given the average numerical value (that is, the amount 
of movement, using the coil to one side for unity) for each lo-minute period under 
different conditions. 
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CHARTS I-V. 
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CHARTS \T-VIII. 
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CHARTS^XII-XV. 
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THE RELATION OF BODY TO ENVIRONMENTAL 
TEMPERATURES IN TURTLES, CHRYSEMYS 
MARGIXATA BELLI (GRAY) AND 
CIIELYDRA SERPENTINA 
(LINN.). 

FRANCIS MARSH BALDWIN, 

Iowa State College, Ames. 

Altlioiigli a considerable number of workers ha\e recorded 
their observations on the relation of body temperature to that 
of the environment of different so-called cold-blooded animals, 
only a comparatively few of these refer especially to the reptiles, 
as a group, or to the turtles in particular. Witli but the excep¬ 
tions indicated below, all the records from the early workers 
were based upon a limited number of individuals taken for the 
most part at random within narrow limits of normal but slight 
environmental changes. It has thus become quite generally 
assumed by biologists that turtles together with other cold¬ 
blooded animals approximate the temperature of their sur¬ 
roundings. In view of the fact that turtles as a representative 
group of the reptiles have an unique phylogenetic position, 
spanning the gap as it were between the warm-blooded birds 
on the one hand, and the cold-blooded amphibians on the other, 
it was thought that a study of their body-temperature changes 
when followed through high and low critical temperatures as well 
as the ordinary non-critical ranges, might \’ield interesting data. 

The earliest observation of the body temperature in turtles is 
probably recorded by Walbaum (i), in 1782. He found the 
temperatures differed only one or two degrees from that of its 
environment and lluctuated with it. Following Walbaum a 
considerable number of workers made similar observations during 
the first half of the nineteenth century. Milne-Edwards (2) in 
1863, after gi\ang a critical review of the work done on these 
forms by Czermach (3), Murray (4), Tiedemann (5), Davy, J. 
(6), and Wlenciennes (7), concluded that the body temperattires 


432 


TEMPERATTRES IX TURTLES. 


433 


varied but little from that of the environment wherein the 
limits did not exceed 4 degrees C. It is of interest that the 
same author noted the observations of \"alenciennes (7) which 
were later substantiated by Sclater (8), that the female python 
when coiled about the eggs during incubation, maintained a 
body temperature considerably above that of tlie surrounding 
air. Sclater found on comparing the body temperature of the 
incubating female with that of the male, that during the height 
of incubation the difference was as much as 10 degrees C., and 
that she was some 20 degrees C. above the surrounding air. 
Whether this marked increa^ed in heat production was brought 
about by bringing into play a thermal regulatory mechanism, 
or was due to other causes was not stated and has not yet been 
le.irned. Similar ob^er\'ations were reported in 1881 b\' Forbes 
(9), with somewhat les*^ con-^picuous differences. 4 die greatest 
difference of the air and the surface coils of the snake was about 
6 degrees in the male, and about 9 degrees C'., in the female. 
It w'as noted in this stud\' lh.it the teinale took no food and was 
comparatively inactive for weeks before and during incubation. 

In 1903, Martin (10) working with tlie res|)irator\' exchanges 
in Monotremes and MarsU[)ials included some observations on 
the bluc-tongue lizards {Cyilodits gigas). These, fiv e in number, 
he carried through changes in temperatures varying from 5 to 
39 degrees C., within .1 calorimeter. At room temperature they 
were comjiarativel\* active but bec.ime ciuite inactive at 5 
degrees. On warming the\' increased in activity up to until 
about 30 degrees .ind .ibove this their activity diminished. The 
body lluctuations accompanying these changes were noted, 
'riiroughout the middle ranges (10 35 degrees C.j the body 
temperature w'as a function of the environment but the COo 
production was fairly constant. At the extremes (below 10 and 
above 35) as shown in his plots, fdg. 3, sharp breaks occur, 
with approximation to \’an’t Hoff’s law. Notwithstanding that 
he kept the animals in an environment of between 39 and 40 
degrees C., for over two hours he w'as unable to get their mean 
temperature above 38.5. In their work on certain of the cold¬ 
blooded animals Rogers and Lewis (10) followed the body 
temperature ffuctuations in only two representatives of the 
vertebrates, the fishes (goldfish) and the amphibians (sala- 
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manders) but concluded that neither of these forms possessed 
mechanisms for either heat production or heat loss. 

Ex peri mejital.—Turtles were collected in the vicinity of Lake¬ 
side Laboratory, Lake Okoboji, Iowa. The painted variety was 
unusually abundant in July and August in the shallow cove at 
Miller’s Bay. The snappers were comparatively rare and could 
not be obtained iir considerable numbers. Most of these were 



Fig. I. Diagram of relationships of the apparatus used in cooling experiments. 
The animals were made fast by clamp in the smaller container surrounded by 
water, and this subjected to an ice bath. Temperatures were read from the three 
thermometers shown. 

taken from Hottes’ and Alarblc Lakes, west of Spirit Lake, 
while others were found along the shores of Little Sioux river 
and in the neighborhood of Hanging Bog. Suitable specimens 
of various sizes were placed in a live box as caught, and from 
there were taken into the laboratory as needed. 

Individuals were weighed and mounted in such a way that 
their temperature changes might be recorded. Those placed in 
air as a surrounding medium were fixed to a board by heavy 
rubber bands slipped about the carapace and plastron and 
spaced so that the animal was unable to release itself by kicking. 
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The board was then supported at either end high enough above 
the table that the animal could not get sufficient traction to 
crawl. In this position the tail could be tied back and the 
thermometer inserted in the rectum. 

Experiments with water as the surrounding medium were 
more difficult to carry out, and iinolved the construction of 
special containers which could be adapted to different sizes of 
individuals (I'ig. i). Shallow tin dishes of conx enient sizes were 
fouinl to lit the purpo>e, allowance being lUtide so that a stop[)ered 
thernKnneler could be sui)purled at the side. In mounting, the 
thermometer could be sli[)ped into tlie rectum, and the animal 
made fast by <nljusi.il)le wire clamps. Mounted in this wa\' the 
specimen could be subjected to an i('e mixture and its clianges 
in body tempi-rature as well as those of the enxironmenl be 
re(f)r<k*d. 

.\llhough some sli.^ht \ariations in the experimental technicjue 
were followed f<jr (lurking purp(»ses, in genered the procedure 
in all ease's inxolxe-d the ttibulating (4 the d.ite of the experiment 
and the lime inlervaU of the obserwilions, the room, .is well 
as till' imnu'diale lan ironnu nlal and the siibjcrt’s tenuperature, 
the subject’s niiml)er and its weight, .ind remarks on the beha\ ior 
and stages of aciixilies (»l ilu .iniiiMl, under the ('ondilions of 
the experiment. Some forl\ experiments ex(’lusi\e of sexeral 
prelimiiMiN' obserwilions, lurnish dal.i for this report, these 
l)eing aiiportioneel about eijually between the two forms of 
turtles studied, lor c(jn\enieiue, the discussion of results are 
grouped under the billowing captions: 

Body rvoipcraturc Fliu tmitions in the Xon-critical Ranges ,— 
In .1 series of thirteen experiments, the diurnal an<l nocturnal 
lluctuations in body lem|)eralure were t.iken on indixiduals of 
the painted and sna|)ping wirieties, Ixnh in air and water. A 
typical chart of ob^er^ alions taken at interx als ox er a ixvelx e- 
hour period from a painted turtle mounted in air, xvcighing 4S5 
grams is gix en in Table I. 

In general it is noted that the body temperature lags from one 
to three degrees as the temperature rises, and remains slightly 
aboxe as it is loxvered, being slightly effected by the state of 
the activity of the animal. The same lluctuations are ap])arcnt 
during the nocturnal interxals. Similar observations xvere made 
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upon the snapping turtles in air and in water but since com¬ 
parable results were obtained through these ranges it is unneces¬ 
sary to cite typical protocols. 


Table I. 


August i. 1924. Observations Showing the Typical Fluctuatio.vs of 
Body Temperatures with Environmental Temperatures in the Painted 
Turtle. 


Date. 

Time. 

Room Temp. 

Subj. 

Temp. 

Diff. 

Activity. 

Aug. I 

8.00 A.M. 

63° F. 

17.5° c. 

61® F. 

16.0° C. 

— 2.0® F. 

— I.O® C. 

Quiet 


9.00 

63 

17.5 

61.5 

16.3 

1.5 

— 0.8 

“ 


9-30 

63 

17 .5 

63 

17.5 

0 

0 

Active 


10.00 

64 

18 

64 

IS 

0 

0 

“ 


10.30 

65 

18.5 

64 

18 

— I.O 

-0.5 

“ 


II .00 

67 

19.5 

6.S 

18.5 

— 2.0 

— I.O 

Quiet 


11.30 

69 

20.5 

65 

18.5 

-3.0 

— 2.0 

“ 


12.00 

70 

21.0 

68 

20 

— 2.0 

— I.O 

Active 


12.30 P.M. 

71 

21.5 

69 

20.5 

— 2.0 

— I.O 

“ 


1.30 

70.5 

21.3 

70 

21.0 

0.5 

0 



2.00 

70 

21.0 

70 

21.0 

0 

0 

“ 


3-00 

69 

20.5 

69-5 

20.5 

0.5 

0 

“ 


4.00 

67 

19.5 

69 

20.5 

2.0 

I 



7.00 

67 

19.5 

69 

20.5 

2.0 

I 



8.00 

66.5 

19.5 

68 

20.0 

1.5 

0.5 

Quiet 


Body Temperature Fliictnations on Cooling .—In these experi¬ 
ments hvelve specimens of the painted variety ranging in weights 
from 265 to 712 grams, and ten snappers ranging from 152 to 
1725 grams were used. Some of the representatives of each 
group were subjected to rapid environmental drops while in 
others the drop was made more slowly. This procedure was 
followed because in the preliminary obscrwations it was noted 
that differences in rate of cooling seemed to effect slightly the 
body temperature fluctuations. In some cases the same indi¬ 
viduals were rechecked on different days following the same 
procedure, and while slight divergences appeared in the records, 
the same general tendencies were apparent. Illustrating the 
chief points concerned with the rapid cooling of the painted 
variety data are gi\’en in Table II., which is taken from an 
experiment performed on Aug. i, on a medium-sized (360 gms.) 
turtle, and which is fairly typical of them all. 

This particular experiment began at nine o’clock in the morning 
and extended o\er fi\e hours, the rapid drop in environmental 
temperature occurring during the first half hour. Although the 
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Table II. 

Painted Turtle, Environmental and Body Temperatures. 
Rapid Cooling. 


Time. 

Room 

Temp. 

Sub. 

T* up. 

Env. 

Temp. II2O. 

Diff. 

.\ctivity. 

F. 

('. 

F. ' C. 

F. 

c. 

F. 

C. 

9.00 A.M. 

63^ 

17.S° 

630 

17. 5 *= 

60° 

15.5° 

3" 

2° 

Quite active 

9 30 

b 3 

17.5 

62 

10.8 

36 

3.5 

26 

13.3 

Slow mov^e 

10.00 

64 

18 

62 

16.8 

35 

3 

25 

13 

.. «, 

10.30 

b 5 

18.5 

bl .5 

16.3 

34-5 

2.5 

27 

I2.S 

** ** 

I l .00 

67 

10.5 

61 

16 

34 

2 

27 

14.0 

Quiet 

11.30 

69 

20.5 

58 

14.5 1 

34 

2 

24 

12.5 


12.00 

70 

21.0 

50.6 

13.3 

33 

0.5 

23 

12.5 

* • 

12.30 P..M. 

71 

21.5 


13.2 

33 .5 

0.6 

23 

12.3 

*' 

1.30 

70.5 

21.3 1 

56 

n 

33 

0.5 

23 

12.5 


2.00 

70 

21 1 

59 

13 

34 5 

2 

21.5 

12 



active niovcinenl.'' l>uconie Nomewhat subdued wlieii the animal 
is subjected to a rapid drop in environmental temperature 
during the first half hour, a^ indicated in the table, tlic fact that 
the body tem{)erature remains at .sr) conspicuously a high le\el 
would seem to indicate tluit the shock of the cold acts as a 
stimulus and is conqxMisated for, f)erhaps ner\'ously, by a sudden 



Fig. 2. Plot showing the average body temperature drop from seven painted 
turtles, correlated with a rapid environmental drop. The body temperatures are 
represented by circles, the environmental temperatures by squares. 
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increase in the production of heat. The temperature correlations 
from seven similar experiments are averaged and plotted against 
the time intervals and are shown in h'ig. 2. Although the body 
temperature as a rule shows an immediate drop, it is not nearly 
commensurate with the rapid decline of the surrounding water, 
and it is conspicuous that during the succeeding four hours the 
differences are considerable and on the average remain from 
8 to 10° F. above that of the environment. 



j 11 12 1 2 

Fig. 3. Plot showing the average body temperature drop from five painted turtles, 
correlated with a slow environmental drop. 

On the following and succeeding da^^s, experiments with the 
same and other individuals of about equal weight were performed 
where the animals were subjected to slow cooling which extended 
over a period of two hours and were then maintained at the 
temperature of melting ice for another interval. Data from a 
typical experiment on a painted turtle, are shown in Table III., 
and the plot of the aN'erage fluctuations in temperatures from 
five records is given in the plot of Fig, 3. 

From the table it is noted that at first the animals are quite 
acti^’e but this aetivity gradually merges into a period of quies¬ 
cence as the teni|x*rature drops to about 45 degrees where, due 
probably to slight increase in activity, the drop is checked. 

In the case of the body temperature changes in the snapping 
turtles less conspicuous differences are noted. They follow more 
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Table III. 


Painted Turtle. Environmental and Body Temperatures; 
Slow Cooling. 


Time. 

Room Temp. 

Subj. 

Tc mp. 

Fnv. 

Temp. 

Diff. 

Activity. 

Aug. 2 
8.30 

67° F. 

19.5° c. 

^^5.5° F. 

18.5° C. 62° F. 

16.5° c. 

3.5° F. 

2° C. 

Active 

9.00 

72 

22 2 

60 

15-5 

1 52 

11 

S 

4.5 


9-30 

75 

24 

55 

12.5 

47 

' 8.5 

S 

4 

Quiet 

10.00 

77.5 

254 

54 

12 

' 1 

, 6.9 

10 

6 

Slight 

10.30 

80.3 

27 


i 

1.3 

( 

6 

6 

3 

activity 

Quiet 

11.00 

81 

27.5 

■15 ' 

1 7 

' .30 

3 

9 

4 


11.30 

82 

27.9 

13 

6 

33 

0.5 

10 

5 -.S 

Slight 

12.00 

S 3 

28 

12 

5 5 f 33 

0.5 

9 

5 

activity 

-•\ctive 

12.30 

S 3 

28 

42 

5.5 33 

0.5 

9 

5 


1.30 

83 

28 

1 

42 

1 

5 -S 

1 : 3.3 

0 5 

9 

5 



clobcly the uxleriuil ciu’iroiinunlal drop tluin the painted form 
wlien cooled Ijy eitlier |)r(jrcdure. d'he chief point of interest 
in tlie comparisons is the location of the point of check in the 
drop wliicli is fue decrees lower on the average fur the snapping 
turtle. Xo doubt these differences ma\' he correlated to some 
extent* with the com(Kirati\e differences in extent of soft body 
parts as cianpared to the harder jiarts in the two forms, but 
data on diese ()oints *ire not \et available. A typical protocol 
of the e\()eriments with the snapping turtles is as follows. 1 our 
snappi rs \,ere i)laced in cont<uners at lo o’clock on August 5th, 
in waiter drawn from the tap at a temperature of 60 degrees. 
4 'hey were subjected to slow* cooling by the addition of ice to 
the outer cont<uner and recortls t<iken at intervals for four hours. 
In 'Fable IW are given data from sj)ecimcn C of the series, 
weighing 582 gr<ims and which is lyj)ical of them all. 

'Fabli-: I\'. 


S.napping TeRTLE. Environmental and Body Temperatures. 


Time. 

Ko(»m Tetnp. ' 

' Subj. 

Temp. 

Fnv. 

Temp. 

DitT. 

.Vetivity. 

10.00 A.M. 

81° F. 

27^= C. 

' 78 ° F., 

25 - 7 ° C. 

0 

0 

0 

15.5° c. 

18® 

F. 

10.2° C. 

Active 

10.30. 

82 

27.9 

62 

16.5 

52 

11 

10 


5-5 


11.00. 

84 

29 


10.5 

35 

1.5 

16 


9 

Quiet 

11.30- 

S5 

29-5 

44 ' 

6.7 

32 

0.0 

12 


6.9 


12.00. 

86 

30.2 

42 

5-5 

32 

0.0 

10 


5.5 

Active 

1.00. 

86 

30.2 

40 1 

4.4 

32 

0.0 

8 


4.4 


1.30. 

86 

30.2 

42 1 

5-5 

32 

0.0 

10 


5.5 

“ 

2.00. 

86 

30.2 

42 

5.5 

32 

0.0 

10 


5.0 
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A similar series of experiments was performed on four speci¬ 
mens (C, B, N and 0 ) on the following day and the average 
figures of these contribute to tlic plot, Fig. 4. The body tem- 



Fig. 4. Plot showing the average body temperature drop from four snapping 
turtles correlated with a slow environmental drop. 

perature curve shows a comparable drop with that of the environ¬ 
ment during the first hour and a half but is checked at about 
40 degrees. 

Body Temperature Fluctuations on Wanning .—Two procedures 
were used in these experiments. On warm days with bright 
sunlight the animals were placed in containers either in air or 
in slight amount of water and put directly into the warm rays 
of the sun. In other cases the temperature of the containers 
was slowl}' raised by use of an alcohol lamp through a copper 
conducting unit. The results seemed not to differ greatly in 
cither procedure. As a rule it was found that the animals could 
withstand gradual increase in temperature in air better than in 
water. This was due in part, no doubt, to slight though appre¬ 
ciable transpiration afforded in the former condition. As illus¬ 
trative of the reactions of the painted variety to gradual increase 
in temperature, data from specimen 1 are given in Table \\ 
This particular experiment together with others was carried out 
on an unusually fa\orable day, August 6. It was noted that 
hundreds of turtles were basking in the afternoon sun on old 
logs in the co\*e north of the laboratory, and it was thought 
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that observations under experimental conditions might yield 
interesting although not exactly comparable results. The speci¬ 
mens were taken directly from the lake and fastened in containers 
in direct sunlight, one thermometer giving body readings and 
another, in air, the environmental changes. The surface tem¬ 
perature of the lake at this time was 20.5 degrees C. or 69 degrees 
F., and the initial temperatures of the turtle as they were taken, 
was only a few degrees less. But at the start of the experiment, 
after a lapse of some fifteen minutes, due to excitement and 
acti\'ity in the containers, it had approximated the air tem¬ 
perature. 

Taum-: \’. 


Tim*-. 

Subj. Tt mj . 

1 - n\. 

T. mil. 

DitT. 

.\clivjly. 

Aur, 6 

1.45 


25 ° c. 

70° F. 

24.5" c. 

1 ® F, 

0.5° c 

\'ery active 

2.00 . 

78 

25 .7 

79 

26 

1 

0.3 

** »• 

2 .IS .... 

79 

20 

80 

26.8 

— I 

— 0.8 

41 44 

2.30 - 

92 

33.5 

1 00 

41.2 

-14 

-7.7 

Gasping, frothing, 

2.45. 

102 

39 

11 1 

44.5 

- 9 

“ 5-5 

moisture about 
eyes. Active. 
Gasping. frothing. 

3 00. 

99 

37.3 

1 

109 

1 

—10 

-0.3 

sinall droplets 
about eyes. 

Rapid breathing. 

315 . 

93 

34 1 

104 

4 (». 1 

— 11 

—6.1 

Active, gasping. 

3.30. 

90.1 

32 .5 

95 

35 

“ 5 

-2.3 

rapid breathing. 
Restless but frothing 

4.00. 

80 

26 8 

So 

2 b .8 

0 

0 

Slowly moving 


Whether or not the same relati\ e increase in body temperature 
occurs in the ease of the animals obserN ed on the log, is of course, 
cjuestionable. It was noted that tlie appendages were out¬ 
stretched as well as the neck and that after an interval of an 
hour or more thus exposed, as a rule, a return to the water was 
made. Xo doubt also, some slight air currents played upon the 
body surface, thereby favoring any transpiration that might 
have occurred. Fnder experimental conditions, the operation 
of such factors to help keep the temperature down was very 
limited. 

The average iluctuations in body temperature of five indi¬ 
viduals are plotted against increased environmental temperature 
and shown in Fig. 5. It is noted there are points on the plot 
of the environmental curve which are somewhat widely displaced. 
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This is clue to the fact that it is difficult to control the environ¬ 
mental temperature tlirougliout the wliole period, although in 
general, the trend of increase and decrease is fairly definite. 



Fig. 5. Plot showing the average body temperature fluctuations of five painted 
turtles correlated with environmental rise. 


The snapping turtle, in experiments under similar conditions, 
seems to indicate the same general trend, although these animals 
apparently do not increase in body temperature as rapidly, 
especially during the initial rise of environmental temperature as 
does the painted form. This slight difference, however, is 
transient if the increase in environmental temperature is steady, 
and eventually at the high critical points the body temperature 
as well as the reactions in this form simulate those in the other 
form. Data averaged and plotted from four individuals and 
checked against the en\a‘ronmental rise are shown in Fig. 6. 
It is noted on comparison with the preceding plot that increments 
of environmental temperature are not quite as effective in 
raising the body temperature in the snappers as in the painted 
variety*. On anatomieal grounds one is temi:)ted to attribute 
these differences in part to a greater radiating surface of soft 
parts exposed in the snapi:)ers, for it is well known that the 
relative extent of the plastron in this form is considerably less 
than it is in the painted form. Whether there are in addition, 
physiological differences in the two forms can not at this time 
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be stated on the basis of these experiments alone. The com¬ 
parative behavior of the two forms taken as criteria, would 
certainly suggest that there might be. Thus the typical signs 
of discomfort, with rapid respiration and frothing about the 
mouth and the accumulation of moisture around the eyes appear 



Fi<.. 0. Plot sliowiiiR tin* .iv» r.iK<' 1 •> Iv tonii»iTatiirc Ihictuation ol lour sn.apping 
turtles cornlat* I Nsitli eiu iromncntal rise. 

at a body lemperaUirc*. .*^oinr ten deeree.s higher in the snapper 
than is the ca^e ^^ilh llu* painted turtle. At the high critical 
temperatures however, little dilYerences in endurance could be 
noted in the Iwt) forms. Trom the limited data accumulated 
on this point, it appear> that neither form withstaiuls a body 
tempeniture maiiUainetl at between lo.; and 105 degrees F. 
(39 41° C\) for thirty minutes or longer, and in the majority of 
indiv iduals death results in a much less time. 

When placed in water as the surrounding medium and sub¬ 
jected to gradual increase in temperature animals of both groups 
are apparently incapacitated in their resistance. A typical 
experiment is cited in 4 'able \ I. This animal, a painted turtle, 
weighing 520 grams, was [daced in a container of water at 9.30 
on August 2. The water was drawn from the laboratory tap 
at [iractically room temperature and was healed during the 
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extent of the experiment by a small alcohol flame through con¬ 
duction. It is noted that the body temperature lagged slightly 
but kept pace with the environmental rise. At the end of two 
and one half hours, the temperature had reached the critical 
point and the animal was removed in a moribund condition 
from which it did not recover. Several other experiments with 
other individuals eventuated similarly. 

Table Yl . 


Time. 

Room Temp. 

Subj. Temp. 

Envir. Temp. 
(ILO). 

Diflf. 

Activity. 

930 

75 ° F. 

23° c. 

69.5° F. 

21° C. 

64° F. 

18° C. 

0 

q 

10 

+ 3 - 0 ° C. 

Activ'e 

10.00 

77.5 

23.3 

79 

26.5 

81 

27-3 

-3 

- .8 

Active 

10.30 

S0.3 

27 

88 

31-2 

88 

31.2 

0 

0 

Very ac¬ 
tive 

II .00 

81 

27.3 

92 

33-5 

99 

37-5 

-7 

-4 

Scratch¬ 

ing. 

Head 

out¬ 

stretched 

above 

water. 

11.30 

82 

27.9 

104 

40 

108 

42.5 

-4 

— 2 

Quiet, 
dead 
when re¬ 
moved. 


Summary. —i. The rectal fluctuations of the common painted 
and snapping turtles of various sizes and weights are followed 
through ranges of non-critical and critical high and low environ¬ 
mental changes. In the non-critical range (50 So° F., 10-27° C.) 
in both forms the fluctuations are found to vary from 3 to 6 
degrees F. (1.5 to 3° C.). When the environmental drop is 
rapid on cooling the rectal reading shows a somewhat greater 
lag than when cooled more rapidly. In both procedures a 
check in drop appears at about 40 degrees F., (4.5° C.) and there 
is maintained for a considerable interval of time. 

2. Accompanying these temperature changes are noted difi'er- 
ences in physiological activities, with muscular action at the 
outset which merges into a period of comparative quiet, this in 
turn followed by slow continuous movements. 

3. Increase in environmental temperature is accompanied by 
a corresponding rise in body temperature and as a rule this is 
fatal if maintained at 102 to 105 degrees for any considerable 
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time, (30 minutes or more). At So decrees and above, animals 
show marked increased activity: signs of discomfort with rapid 
respiration; a frothing about the mouth and an accumulation 
of moisture upon the head and about the eyes. 

4. In the absence of concrete data on comparative metabolic 
rate at different temperature. the>e facts are tentatively inter¬ 
preted to mean that there i> in turtles a slight tendency to 
comi)ensate for critical temperature changes in their en\'ironmont. 
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ON THE COLOR CHANGES IN THE SKIN OF THE 
LIZARD PTYCIIOZOOX IIOMALOCEPIIALUM. 

DR. H. BOSCHMA, 

Zoological Laboratory of the University of Leyden. 

The Javanese lizard Ptychozoon homalocephalum Crvdt. can 
change its color in some degree in connection with the diflerence 
in the color of its surroundings. In bright sunlight the dorsal 
surface of the animal is light gray with the exception of a number 
of pronounced blackish brown stripes which have a zigzag course 
in transversal direction and some spots of the same color at the 
lateral parts of its head and neck. In strongly shady surround¬ 
ings the color of the skin between the transversal stripes darkens 
and assumes almost the same dark color as the stripes, which 
thereby become almost invisible. With these animals, which 
very commonly occur in ‘s Lands Plantentuin at Buitenzorg I 
have made some experiments to make out whether the change 
of color is controlled by the vision of the animals or if it is only 
due to the influence of light acting on the skin directly. 

The experiments were made in August 1921 in the Treub- 
laboratorium at Buitenzorg with animals captured in the Plan¬ 
tentuin, in most cases by natives. I kept the animals in glass 
vessels with a diameter of about 20 cm., the bottom and sides 
of which were co\‘ered by white paper or black \'clvet. In 
these vessels they behaved quite calmly. The experiments con¬ 
sisted in the comparison of the color of the skin of the same 
animal (i) in a white-covered vessel, (2) in a black-covered 
vessel, and (3) in a white-covered vessel whilst its eyes were 
covered with a not transparent cap. 'hhe latter consisted of 
the cut-off digit of a rubber glove, in the top of which a small 
hole was cut. This cap was pushed over the head of the animal. 
It covered its eyes and the greater part of its head and neck, 
whilst the end of the snout was free and the respiration was not 
hindered. When the animal had been in the same conditions 
for some time (at least a cpiarter of an hour) 1 noted the color 
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of the skin of iis dorsal surface and then placed it in another 
\ cssel under difTerent conditions. 

Two of my animals I have photographed under the influences 
of the abo\'c-mentioned dilTerent conditions. From each of these 
si.\ photographs were made on one morning, in the case of one 
of them in the following order: (i) head free, on white back- 







Fic.. I. rtychozo' n h mahicphalum. t)ii a while backj»roiin<l. About 3 nal. size. 
Fii.. /*/><" /locot M homaU icphalutn, ihc aunnal of Fig. i, on a white l^ackground 
wiilj loveud head, .\buut j nai. size. 

ground, (2) head co\ered with cap. on white background, (3) 
head free, on black background, (4) head covered with cap, on 
white background, (5) head free, on black background, (6) head 
free, on white background. In a second series of photographs, 
taken from the other lizard, the succession of experiments was 
dilTercnt, but with each exposure the conditions were dilTerent 
from those before and twice the animal was photographed under 
the same conditions. The photographs taken from animals in 
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the same conditions always gave the same results of the colora¬ 
tion of the skin. 

As is shown by Fig. i the transversal stripes are very clearly 
visible when the animal with uncovered head is on a white back¬ 
ground. The parts of the skin between these stripes have a 
light gray color which is brightest immediately beliind the stripes 



Fig. 3. Ptychozoon homalocephahttn, another specimen than that of Figs, i and 2, 
on a black background. About § nat. size. 

and somewhat darker before them. A sliarp contrast with this 
figure is that of Fig. 2. Here the animal is photographed on a 
white background, but with covered head. Now the color of 
the skin is almost uniformly dark gray whilst the transversal 
dark stripes are more indistinct. Almost the same color is 
assumed by Ptychozoon when it is surrounded by black (Fig. 3). 
Then also the stripes are only faint and the whole surface is 
almost uniformly dark gray. 
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I have made no experiments as to the length of time these 
lizards require for a complete change of color. Anyhow it takes 
less than a quarter of an hour. The photographs have been 
made with Ilford Panchromatic Plates, which were each exposed 
during one and a half minutes. The animals remained during 
this comparatively long time almost immobile on the same spot. 
The plates are developed in the same liquid during quite the 
same time. They have n(jt at all been retouched or altered in 
any way. The positi\es are made with gaslight paper, those of 
I'dgs. I and 2 are exposed for (luite the same time and have after¬ 
wards been worked out into a cliche together. 'Fherefore these 
figures give reliable data for a comparison of the color of the 
skin of the same animal on a white background with free and 
with covered e>‘es. d'he technical peculiarities gi\en abo\'e are 
mentioned to proN e tint the two figures gi\e accurate data for 
the dilferences of the color under these different circum>tances, 
f ig- 3 only less directU* be compared with the others, but it 
shows clearly i-notigh that on ti black background the color of 
the skin is of an almost e\eii shade. 4 'he plate f)f this figure has 
been exposed for the same time as those of I'igs. i and 2, but 
owing to the black background it is more or less underexposed, 
4 'herefore the animal appCtirs brighter than it was in reality. 

'flu* external intiuences in these experiments were alnuist 
fjuile constant. I studied the color changes of Plychozochi alwa\*s 
on {jiiile the same spot in dill use daylight at a distance of circa 
I in. from the window, 'fhe intensity of the light was always 
jiracticalh' the same, ilu‘ time !»eing the dr\' monsoon, when 
between 8 aiul I2 A.M. the intensity of the light in the tropics 
is (|uite etjual. 'I'he dilTercnce in maximum and minimum of the 
tonpcraturc (if there was any dilTerence at all) was yery slight 
and also the degree of humidity did not vary noticeabh* during 
the cxjieriments. d'he strueturc of the substratum w’as in all 
experiments the same. This, how'ever, proved to be of little 
importance as was shown by a little minor experiment. Once 
1 tried the same cxjKTiments by bringing the animals successively 
on white paper and on black x'elvet, but the color changes w'erc 
the same as in the experiments with the animals in differently 
clad glass-vessels. 

From the abo\e stated peculiarities we may conclude that 
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Ptychozoon, when the external conditions are quite the same 
except the color of its surroundings, assumes the color which 
simulates in the highest degree that which it sees with its eyes. 
In other reptiles no instances are known that the changes of 
color are iniluenced by the vision of the animals, and also experi¬ 
ments on this question only gave negative results (cp. van 
Rynberk, 1906; Fuchs, 1914). 

An important fact is moreover that the color of the skin of 
Ptychozoon, when the temperature is constant, becomes lighter 
on a white background and darkens on a black one. After 
Parker (1906) the pigment-cells of all reptiles expand in the 
light, whilst they contract in the darkness. In those cases, 
where by other authors different conclusions have been made, 
these would be due to changes of temperature which had not 
been taken into account by these authors. In those experiments 
in which the color changes of reptiles alternately in the shade 
and in the sunlight were studied, heat reactions may have in¬ 
fluenced the moN’ements of the chromatophores, in my experi¬ 
ments, however, the animals remained always on the same spot 
in diffuse daylight. The temperature was always very uniform 
and the lizards reacted directly on stimuli of white and black 
surroundings in the above described manner. 

A contradiction to Parker's theory is found in the statements 
given by Thilenius (1897) for Varanits, According to this author 
Varajiiis assumes a dark color in the shade in 45-50°, whilst in 
the sunlight at a temperature of less than 30° the color becomes 
light. Parker has expressed his doubts as to the correctness of 
these temperatures, which might have been read from an ordinary 
mercury-bulb thermometer. With a more precise instrument the 
result would have been a much higher temperature. The differ¬ 
ence between the true temperature and the one recorded in this 
case, howe\'er, would then ha\e been more than 20°, and this 
difference is too large to be put on account of the inaccuracy of 
the instruments. In the case of Ptychozoon the color changes 
take place in the same way as described by Thilenius for Varaiiiis 
and this proves that the chromatophores of at least some lizards 
contract in light and expand in dark. 

In another way Fuchs (1914) has tried to explain the fact that 
light in some reptiles causes an expansion and in others a con- 
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traction of the chromatophores. Firstly he points to the fact 
that larvie of amphibians show a different reaction to light in 
the different stages of development. In AmbJystoma Babak 
(1910) founcl that the \ er\- young laiA'a^ react clearly on stimuli 
of light, becoming dark in the light and light in the shade. The 
eyes then ha\e as yet no influence on the color changes. After¬ 
wards, when the larvre ha\e grown older, the light has a com¬ 
pletely other effect on the lar\\e: the older larwe become light 
in the light and assume a dark color in the dark. This reaction 
takes f)lace under the inlluenrc of the e\ es. 

According to k'uchs the parietal organ, which in young larwe 
is well-(le\ehjped, has the functi<m to impede the contraction of 
the chroiiLitophores. Alterwards ihe e\t> obtain an inlluence 
on the funclion of the pigment-cells, the illumination of the 
retina causes tlu*n a contraction of the chromat(»jffiores. Stimu¬ 
lation of the e\es tliercfore causf> in older lar\a* a reaction 
o|>po.sed to that (MU'-ed b\- >liniulation of the pariet*d e\e. 'fhe 
older the lar\ a-, the stronger becomes the inlluence of the e\ es 
as compared with that ol the parietal e\ e. ('oiisetiueiuh' these 
aiiim.ils become dark on a dark background and light on a 
light one. 

In comp.irison with thc'^e dillerent reactions towards light in 
young and (ilder lar\.e of amphibians i'lK'hs has jmt forward 
the h\pothesis that in those rej)tiles, which show an expansion 
of pigment in liglit, the impeding inlluence of the functioning 
parietal organ is preseiu. In those reptiles which show a con- 
tr.K'tion of pigment in liglit according to l iichs either the parietal 
organ has lf)st its function in the course of ph\’logen\' or ontogeny, 
or the e\ es ha\ e acciuired, as in older larwe of amphibians, a 
regulating inlluence on the reactions towards light, on account 
of which the original reaction (expansion) was changed into the 
opposite (retraction). 

In Plychozoon no fiarielal e\e is present. The general shape 
of the organs in this region of the brain is shown in hdg. 4. The 
epipln’sis consists of a closed pouch which by means of a solid 
trace of cells is connected to the roof of the diencephalon just 
behind the commissura habenularis superior. It is directed 
backwards and covered In* a protusion of the roof of the dien- 
cephalon, the “Zirbelpolster’’ of German authors. The well- 
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developed paraphysis is found immediately before the latter. 
Almost quite the same arrangement and structure of these organs 
is found in Platydactyhis inuralis L., an allied species, in which 
the anatomy and development of the parietal organ is described 



Fig. 4. Ptychozoon homalocephahim, newly-hatched specimen. Longitudinal 
section of a part of the brain. Ilaematoxylin-Delafield, eosin. X 43- ch, com* 
missura habenularis superior; cp, commissura posterior; e, epipl^sis cerebri; M, 
mesencephalon; p, paraphysis; S, skin; T, telencephalon; v, velum transversum. 

at length by Melchers (1900). Besides that from the newly- 
hatched Ptychozoon (with a head-length of n mm.) a section of 
which is shown in the figure, another series of longitudinal sec¬ 
tions was made from a younger stage, measuring 9 mm. from 
snout to occiput. The conditions found here make it highly 
probable that the development of these organs in Ptychozoon is 
quite the same as that in Platydactyhis mitralis. 

In the case of Ptychozoon the above-cited hypothesis put 
forward by i^Aichs agrees fairly well with the facts. The data 
available in the literature, however, are often in contradiction 
with this hypothesis. In Platydactyhis mauretaniciis the parietal 
organ is absent and yet this lizard assumes a dark color in the 
light and becomes light-colored in the dark. On the contrary 
Stellio caucasiciis has a well-developed parietal e>'e and notwith¬ 
standing that the animal becomes light-colored in the light and 
dark in dark surroundings (cp. Studniezka, 1905, and Fuchs, 
1914). These two instances alread}^ prove that there is insuffi¬ 
cient evidence to uphold the above-mentioned hypothesis of 
I'lichs. 
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The microscopical structure of the skin in the lighter parts of 
the dorsal region of Ptychozoon dilTers in some respects with that 
in the dark stripes. In the light-gray parts (Fig. 5) the epidermis 



I' K. 5. lUycht*^' ^ h' fn ill t pi alum, nrw !y-liati 1 h <1 Longitudinal 

section (♦! a i»art "1 a !ight-< n 1 jMri- n «.l tl-e dor'^al region. }Iai?inatox> lin- 
Uelarield, fo'ill. ,* r< > ^ t Kis \\ n)i lIit* in.itc pin re's; c. cell-layer ol epidermis; 

h. Iiorn-U><-r ol rpi Irrmi-, ulii h ha* 1 tned irt*in tlie i^art< underneath it; 

m, IllU cles. 


cnni.iin> no pigment al all. ihe large |)igment-cells con>ist of a 
large hod)* whicli i'^ ^iiualtcl in the ciili> and a number of rami- 
iRMtioMs \s Inch .irediretUMl inwanh the epidermis and terminate 
immedialel)* imdenieaih llic latter. In the lixing st«ite a nearl)’ 
contiiuiniis l.i\er of black pi^nient i^ di>iril)uted under the 
epidermic b)* the rontrat tion of the t hromatophores. When the 
pigmeiit-celK expand .igaiii. the jiigmeni tlows bark to the deeper 
la\er of the cutis ami the color of the animal becomes much 
lighter. 

In the dark stri|)e^ '1 ig. 0) the ( hromato|)liores of the cutis 
are usualK* of a somewhat ^mailer si/e than those of the ligliter 
parts of the bod) , the w liole amount of cutis-pigment in a certain 


m C 6 h 



I'll*.. 0. }'‘lyihozi)i*n h mal ‘it'phalum. Longiiiidinal .ceclion ol a part of one of 
the dark sliipc** ul the <h>r>i»i! rcgi'>n of the specimen of Fig. 5. Hamiato.x.vlin- 
Uelalleld, eosin. \ loo. t. cutis with chromat<*phores; e. cell-layer of epidermis, 
with epidermis-pigment; h, horn-layer of epidtrmis; m, muscles. 

region, howtwer, is about the same. Besides the cutis-pigment 
an epidermis-pigment is also present here. The uppermost parts 
of the cells of the epidermis are crowded with small black pig¬ 
ment granules which are found immediately underneath the 
30 
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horn-layer of the epidermis. When the chromatophores of the 
cutis contract, the pigment of the epidermis remains on the 
same spot and the color of this region retains its black shade. 
It is only covered by a thin horn-layer and it is therefore much 
more conspicuous than the pigment of the chromatophores of 
the cutis, which is covered by the whole ectodermal layer. 

The useful effect of these color changes in Ptycliozodn is a 
matter of course. The lizards live on the trunk and larger 
branches of the trees. When they are in shady places they are 
hidden by their almost uniformly dark color. In the sunlight 
their light-gray hue equals that of the mossy background. They 
become still more inconspicuous by the possession of the queer 
zigzag dark stripes which procures them almost the same color 
and design as the bark of a tree overgrown with lichens. 
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I\Il<(»!)LClIO\. 

'riiu f.K't that ()\\ .;un in an u\ct*ssi\t‘ ainounl is lo.xic for nian\' 
if not all forms of life w as first dumonslralufl by llu* luimurons and 
very lhoroii.i;h u\|Krimunts of Paul Hurt (’74). Hut tliu swim 
liladdurs of some lislu-s normalK' contain oxygen at a pressure of 
IOC) atmospheres (Ihddanu. ’jj). d lie cells lining the bladder 
aj)parently are a(’(*Iimali/c*d to the oxygen, (^n the f>lher hand, 
Piitter (’05), working on the res|)iration of protozoa, slates that 
parasitic forms, such, for inst»mce, as Opalitta, li\ ed many da\’s in 
a medium from which [)racticall\' all the free (gaseous) oxw'gen 
had been rem()^ ed. In \ iew of the work of Piitter and that 
cpioted b\' 1 laldane it occurred to me that a study of the toxicity 
of oxygen for the jxirasilic protozoa of many animals would be a 
worthy undertaking. 

W’ood-eating termites ha\e the most abundant and the most 
varied entozoan fauna of all animals that have been studied. 

! Fellow (in the Biological Sciences) of the National Research Council, working 
at the Department of Medical Zoology, School of Hygiene and Public Health, 
Johns Hopkins University, Baltimore, Maryland. 
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Approximately half the body weight of every worker and nymph, 
except for a few days after molting, is composed of many kinds of 
large, intestinal flagellates. Recently molted termites are lacking 
in pigment and for this reason may easily be distinguished from 
other individuals. There is no difficulty whatever, then, in being 
absolutely certain that all animals used in experiments harbor a 
teeming menagerie of protozoa; consequently termites lend them¬ 
selves most admirably to man}" kinds of precise experimentation. 

In a previous paper the writer (’25Z?) showed that Trichomonas 
tennopsidis was entirely removed from the large Pacific Coast 
termite Termopsis nevadensis Hagen after 24 hours’ ox}'genation 
at one atmosphere pressure, and that all the other protozoa 
{Trichonympha canipaiinla, Leidyopsis sphaerica, Strehlomastix 
strix) were remoxed after 72 hours’ oxygenation. The termites 
suffered no ill-effects per se from the oxygenation, although they 
died within three to four weeks after their protozoa had been 
removed. Recently this work has been carried further: four 
widely separated species of termites from two families have been 
used; and various intervals and amounts of pressure have been 
employed. 

The bearing which these experiments have on the symbiosis be¬ 
tween these termites and their intestinal flagellates will be re- 
ser^■ed for a later paper. It is sufficient at present to say that 
the ability of these termites to li\ e on their normal diet of wood 
is lost after their protozoa have been remo\ ed, regardless of the 
method employed in removing them. 

Many other protozoa-harboring animals, such as cockroaches, 
earthworms, frogs and rats have been oxygenated. Some of the 
protozoa of the frog, rat, and man have been grown in cultures 
which have been oxygenated. And oxygenation experiments 
have been carried out on se\'eral free-li^'ing protozoa. 


Material. 

Of the termite family Rhinotermitidae, Leucotermes tennis 
Hagen from British Guiana and ReticnliterniesJlavipes Kollarfrom 
Maryland were used; in the family Kalotermitidae, Cryptotennes 
sp. from British Guiana and Termopsis nevadensis Hagen from 
Oregon were used. Many thanks are due Dr. Alfred hanerson for 
Cryptotennes and Leucotermes. 
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Cockroaches (Periplatiela americana.^) were obtained in Balti¬ 
more. So were all the parasitic protozoa in culture and most of 
the free-living protozoa. The exact source of the frogs {Rana 
pipietis), fish, salamanders and rats is not known. 

Mktiiods. 

'fhe protozoa-harhoring animals and the protozoan cultures 
were [)laced in na>kN into which tank oxygen of 97 per cent, purity 
was run until the air wa> rcmo\ed, or practically so. The flasks 
wen* then clamped down securely and from 1 (760 mm. mercury) 
tc) 2.5 standard atmosphercN (except for temperature correction) 
were added to tlu* I atmosphere at the time of the experiment. 
( )ther dettiils of methods are gi\en under the experiments on the 
different anim.ils. 

ICXPI* RIMl.M s. 
i. I'crmites, 

riu* effect of o\\genation at \ .irious pres>ures on the protozoa 
of four genera ol termites is i^i\c*n in table 1. 4 'he minimum time 


'r\iui. I. 

I (MI- kCQCIKI I) AT X’aKIOCs 1‘RKssLKI S OF O.XYta S*. 



retjuired to kill the [protozoa of termites and other animals was 
obtained as follows: Several experiments were started at the same 
time so that any one could be stopped without interfering with 
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the Others, and the experiments were examined one by one until 
the minimum was found to be within certain limits. Then the 
experiments were set up again and were examined at various 
intervals within the known limit. Sometimes it was necessary to 
repeat the process many times, before a fairly accurate minimum 
was finalh" determined. The minimum thus determined was then 
tested out three times. 

Termites were usually examined immediately after having been 
removed from oxygen and non-motility was the criterion for de¬ 
termining whether or not their protozoa had been killed. It was 
found that if a few protozoa were motile at the end of the oxygen¬ 
ation period they did not die later. Some hosts which had been 
freed of motile flagellates were examined at intervals up to ten 
days, and no protozoa ever appeared in any of them. It is of 
interest to note that the protozoa disappeared from the intestine 
very soon—usually within two to four hours—after they had been 
killed. They were probably digested by the termites. 

At one atmosphere the protozoa of Cryptotermes and Reticuli- 
termes were not all killed in all hosts in ten days; however, they 
were all killed in a few hosts even in three days. They were all 
killed in a great majority of hosts in ten days, but in a small 
number—perhaps about 5 per ccnt.~-some protozoa were alive at 
the end of ten days. 

The protozoa of Leiicotermes were killed very much more 
quickly than those of the other termites until a pressure of 2.5 
atmospheres was reached. These differences in oxygen toxicity 
are not correlated with size of termite hosts, for Termopsis is 
approximately twenty times as large as Lcucotermes and ten times 
as large as Cryptotermes, but ReticiiUtermes and Leucotermes are 
about the same size. Difference in habit may be a factor, but 
ReticiiUtermes and Leiicotermes are very similar in habit as well as 
in structure. The protozoa of these four termites, although all 
flagellates, are nevertheless quite distinct morphologically, many 
of them belonging to separate families. Hence, it is possible that 
the differences in oxygen toxicity may be found to be in the 
protozoa themseb es. 

In Termopsis, as was true in previous experiments (Clex eland, 
’25^), Trichomonas was killed first and Trichonympha last until a 
pressure of three atmospheres was reached. Then a peculiarly 
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interesting result occurred, Streblomastix was killed before Tricho- 
viouas in many hosts. At a pressure of 2.5 atmospheres, TricJio- 
vionas and Streblomastix are both killed at or about the same time. 
Regardless of the amount of pressure, the largest protozoa of 
TermopsiSy with the exception of one \ ery small form {Tritrypauo- 
plasma) not present in all h(j'-ts and abundant in only a few, are 
inxarialdy the last one'^ l(j be killed, but in Cryptotermes and 
Leucotermes this is not ahva\'s the case. In Cryptotennes, for 
instance, sometimes iill individuals of the largest genus {Diplo- 
nympha?) are killed whvn many Deceseovina are left alive. 

I'ifty individuaU of 7 'crmopsis were confined in o\\'geii at 3.5 
atmospiK-res. At tin* end of fort\‘ hours, e\'ery indi\ idual had 
become immobile, 'flu* e\i)eriment was slopjH‘d after forty-five 
hours, when it appcxired lhal e\ er\' indi\idual was dead, although 
a few hours later two iiidi\iduals became feelily motile, and were 
as a('li\e as e\ <. 1 tw«» da\s later. I'orty-five hours at 3.5 atmos¬ 
pheres must bctibout the time re<juired to kill this termite, which 
is 67.5 times long .is it t.ikcs to kill its protozoa. In other 
words, oxygen .it this pressure is 67.5 times .is toxic for the 
proto/o.i of termites as lor the termites themschfs. 

The time reipiired to kill the jiroto/o.i of these termites at 3.5 
atmospheres o| o\\gen c(Ttainl\ <loes not injure tlie termites in 
the least. n\\v;eii.ition .it this pressure is sureU* a \ery rapid 
me.iiis of freeing termiti's of thc'ir |>roto/oa. 11 is \ ery much more 
s.itisf.u'tory in m.iin w.i\ s th.m incubation (("le\ eland, ’24), and 
furnishes .1 \ er\’ re.idy means of determining whether or not all 
proto/o.i-harboring termites are de|)endenl on their jirolozo.i to 
digest their Riod for them. 

In order to determine what elTeet, if an\*. i)artial j^ressures of 
other g.ises, p.irticularly nitrogen, had on oxygen toxicity, ter¬ 
mites of each of tlte four genera that were oxygenated were con¬ 
fined ill ti\e .itmospheres of air (the partial ox\'gen pressure of 
fi\e .itmosj)heres of air approximates the total ox\'gen pressure of 
one atmosphere of oxygen) for the same time that they were 
confined in one atmosphere of oxygen. Fi\ e atmos()hcres of air, 
in e\ ery instance, gave exactly the same result as one atmosphere 
of oxygen. 'Fhus, the toxicity of oxygen is unalTected by the 
presence of nitrogen and the rare gases of the air. In another 
ex[)eriment 3.5 atmospheres of air were used with the result that 


460 


L. K. CLEVELAND. 


the protozoa were not killed at all. It is evident, then, that mere 
mechanical pressure does not kill the protozoa. 

2. Cockroaches, 

Since the protozoa of termites were so easily removed by oxy¬ 
genation, it immediately became desirable to try the method on 
other protozoa-harboring insects. The cockroach has many pro¬ 
tozoa and can be obtained easily in quantity. By pressing on the 
abdomen with the fingers or some mechanical instrument and 
forcing out some of the intestinal contents it is not difficult to 
determine just what protozoa an individual harbors, and the pro¬ 
cedure does not injure the insect. Cockroaches with two ciliates, 
Nyctotherus and Balantidium^ and two flagellates, Loplwmonas 
and Polymastix, were oxygenated at 3.5 atmospheres. About 200 
insects were used in these experiments. The minimum time re¬ 
quired to kill all individuals of each of the four protozoan genera 
is given in Table II. It is interesting to note that the flagellates 
were both killed in 40 minutes, the same time required to kill the 
flagellates of the large Pacific Coast termite {Termopsis), at this 
pressure, while the ciliates were not all killed until 32 hours, more 
than five times the time required to kill the flagellates living under 
identical conditions. From this it would appear that oxygen is 
actually more toxic for flagellate protozoa. 


Taule II. 

Time Required at 3.5 Atmospheres of Oxygen to Kill All Individuals 
OF Certain Intestinal Protozoa of 


Frogs 

Cockroaches 

No. of 
frogs 
used 

Protozoa 

Range 
in hours 

Mean 
in hours 

Protozoa 

Hrs. 

Min. 

15. . . . 

10.. .. 

35 • • • 

30.. .. 

3 . 

Ilexamilus . 

Polyinastix . 

Trichomonas . 

Opaliua . 

NyctolheriiS . 

3-7 

5-11 

8-15 

12-20 

28 

5 

7 

12 

18 

28 

Lophomonas . 

Polyjnastix . 

Nyclothcrus . 

Balantidium . 

3 

3 

40 

40 

30 

30 


Two Other protozoa, an unidentified flagellate and EiidamaPa 
hlattcCy were present in some of the cockroaches, but not in a 
sufficient number to make it feasible to work out the minimum 
time required to kill them. They were killed. 
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When cockroaches are confined in oxygen al 3.5 atmospheres, 
they are able lo live approximately 90 hours, which is 26 limes as 
long as their ciliate and 135 times as long as their flagellate proto¬ 
zoa li\'e at this prepare. Here, again, as in termites, it is e\'ident 
that the oxygenation which rem()\'es the protozoa of cockroaches 
certainly does little, if an\ , harm to the cockroaches themseK es. 
The\', unlike termites. li\ e normally findefiniteK') after their pro¬ 
tozoa ha\e lieen reiiKnrd. ()\\\gen, then, at 3.5 atmospheres is 
135 as U)\\r for the flas»^*llates and 26 time> as toxic for the ciliates 
living in cockroaches^ a^' it i^ for the insects themselves. 

3. Earth 

Many earthworm^', h.irboring a fa.nv Kirge number of ciliates 
of the genus 1 loplitot^hyra , vveit* oxvgenated at 3.5 atmospheres, 
but the minimum time re(juired to kill their protozoa was not 
determined. It i^ mnre th.m "ix .md less than twenty hours. 

Eroi^s, 

After all protozoa liad been lemoved Irom three invertebrates, 
it seemed highlv d(‘''ir.ible next to oxv'geiiiite a cold-blooded verte¬ 
brate harboring many protozoa. I'or this work the frog {Rana 
pi pirns) w.is st-Ic( ted. 

Most frogs harbor an abundant protozoan fauna; two ciliates, 
Opalina and Xytlatlirrns, and four flagellates, Trirhomomis ( 7 >/- 
trirhonionns in the opinion ol some investigators), ChEoniashx, 
IIrxamitns, and Eolyniastix, are usuallv* present in a fairly large 
number of hosts; in fact, all aie .sometimes present in the same 
host. 'Fwo hundred frogs were procured and just before being 
u.sed in experiments each individual was examined in order to 
asceil.iin what protozoa were present. This examination was 
made by attaching a No. 7 h<ird rubber catheter, cut off at the 
insertion end to four inches in length, to a 5 cc. Luer syringe; by 
inserting the catheter into the rectum it was possible to draw out 
all or any amount of the rectal contents, which, when examined 
under the microscope, revealed immediately what protozoa each 
frog harbored. Of course, the number of protozoa present was 
also ascertained at the same time. 

When frogs were oxygenated at 3.5 atmospheres, it w’as found 
that some of their intestinal protozoa were killed more quickly 
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than others, so it became necessary to determine the minimum 
time required to kill all individuals of eacli protozoan genus, and 
in working this out it was noticed that the protozoa of a certain 
genus would be killed more quickly in one host than in another; 
consequently, in most instances, a fairly large number of hosts was 
used. The number of hosts used, the range in time and the mean 
in time required to kill the protozoa, are given in Table II. It has 
been impossible to think of a plausible explanation of why the 
protozoa of one frog are affected more adversely by oxygen than 
those of another. This was noticed wlien several frogs were oxy¬ 
genated in the same flask at the same time. The same phe¬ 
nomenon was met in the oxygenation of termites and cockroaches. 
Perhaps more work will throw light on it. 

It is interesting to note that it takes 28 hours to kill the ciliate 
Nyctotherus in the frog and hours to kill Nyctothenis in the 
cockroach. The flagellate Folymastix is killed in 40 minutes in 
the cockroach while the species of this genus that lives in the frog 
is not killed until approximately 7 hours. It would be most inter¬ 
esting, indeed, to cultivate Nyctotherus and Folymastix from both 
hosts and then subject them to the same oxygen pressure. It is 
very probable, though not certain, in view of the oxygenation 
studies of the frog Trichomonas in vivo and in vitro, tliat oxygen 
is actually more toxic for Folymastix and Nyctotherus in the 
cockroach. 

Some frogs live as long as 65 hours in 3,5 atmospheres of oxygen, 
more than twice as long as their ciliate and (ivc to si.x times as 
long as their flagellate protozoa. 

Twenty tadpoles,^ 2 with Nyctotherus^ 3 with Trichomonas, 3 
with OpaJina, 4 with Ilexamitus, and 8 with Euglenamorpha, were 
oxygenated at 3.5 atmospheres with tlie result that their protozoa 
were killed in approximately the same time as tliose of frogs. 
Euglenamorpha is not present in adult frogs, and it was primarily 
for this reason that tadpoles were oxygenated. This flagellate is 
very similar morphologically to plant-like free-li\'ing protozoa of 
the genus Eugleua which, as will be seen later, must be oxygenated 
sixty five hours at 3.5 atmospheres before being killed, while 

^Thc method used to determine what protozoa each tadpole harbored was 
simple: Each individual was placed to itself in a small vescl; very soon a consid¬ 
erable quantity of fecal material was passed, which, when macerated and examined 
under the microscope, revealed the protozoa harbored. 
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Euglenamorpha is killed in approximately thirty hours. It is 
impossible to say \\ hether this difference in oxygen toxicity is due 
to environment or metaboli-m. Here is an interesting situation, 
calling for careful in\ estigation. 

5. Goldfish and Salamanders. 

After ha\'ing remo\ctl all protozoa from an air breathing cold- 
blooded \erlebraie, tlu* frog, it seemed expedient to oxygenate 
a water breathing \criebraie harboring many protozoa. Gold¬ 
fish and saLiinaiuk-rs Xccturus) were used for this purpose. 
'Fwenty young goldfish, harboring large numbers of inleslinal 
llagellates of the genus I lexamitns, and ten \oung salamanders, 
harboring large numbers of intestinal llagellates of the genera 
1 rii Iwmonas and J^rouazckclla, were oxygenated at 3.5 atmos¬ 
pheres. 'file same thing u< <Tirred here <is in the oxygenation of 
frcjgs, miinely, ^om<‘ Im^is lo^i their protozoa sooner than others; 
I lexaniitus in some g<)ldli-h \\a‘> killed in 4 hours aiul in others 
not until 5 hours; 1 riihomonas and Proicazekclla in some sala- 
lUtindcTs Were killed in 0 l<» 10 hours and in others not until ii 
to \2 hours. In tidult hosts it would probably lake slightly 
longer to kill .dl proto/ua in all hosts. In the material used in 
this stud) all in<li\iduals of 'I rii honionas and Prouvzckella were 
killed in .ill hosts in ij hours and .ill individuals of Jlcxaniilus 
in .ill hosts in 5 hours, while the ho>is were not killed before 50 
to Go hours. 

It is interesting to note how close!)* these death j)oints of 
1 lexaniitus and I riihomonas inhabiting the water breathing 
\ ertebr.ites, s.ilain.inders and goldfish, p.irallel those of the 
Jlcxaniilus and Trichomonas th.it inhabit the air breathing 
v ertebr.Ue, the Irog (see 4 'able II). 

It is (juite prob.ible th.it the external parasitic ciliates of fish 
would be killed by o\)genation and without injury to the fish. 
These and other protozoan parasites, according to reports, do 
considerable d.iniage to fish, which oxygenation would probably 
check. 

W’hat effect oxygenation would have on the hundreds of species 
of sporozoa in lishes should be determined. 
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6. Rats. 

The next logical step in the development of the work was to 
oxygenate a warm-blooded vertebrate. Trichomonas {Tritricho¬ 
monas in the opinion of some investigators) is present in a fairly 
large number of rats; because of this, and owing to the ease with 
which rats may be obtained, the rat was selected. In order to 
demonstrate the presence of protozoa, fecal contents were re¬ 
moved by means of a catheter, as in the experiments with frogs, 
and were examined under the microscope. 

It was found, however, that the rats themsehes were not able 
to live more than five to six hours at 3.5 atmospheres of oxygen 
and that their protozoa were not killed in this time. 

7. Trichomonas from Frogy Rat and Man in Culture. 

Since it was impossible to remove the protozoa from a warm¬ 
blooded vertebrate by the method employed in remo\'ing them 
from the cold-blooded \'ertebrate, the problem of the toxicity of 
oxygen for the protozoa li\'ing in the intestines of rat and man was 
attacked in another manner, viz. the protozoa were grown in 
culture ^ and the cultures were oxygenated at 3.5 atmospheres by 
placing a few drops of the fluid from each culture in the same flasks 
that had been used in all the other experiments. 

It was found (see Table I.) that the Trichomonas of frogs was 
killed in six hours, the Trichomonas of rats in ten hours, and the 
Trichomonas of man in eleven hours. (')bviously, it is impossible, 
then, to kill the protozoa of the rat and of man by oxygenation at 
this pressure without killing the hosts themsehes first. 

It is interesting to note that the frog Trichomonas in culture is 
killed in about one-half the time reqtiired to kill it in the frog. 
This is perhaps explained in part by two facts: (i) oxygen is more 
soluble in water than in blood, and (2) the host furnishes some 
sort of resistance or barrier which makes it slightly more dilficult 
for the oxygen to reach the protozoa. 

’ Several of the culture media that have been employed by other investigators 
were used, but the following medium, which is largely a compilation from other 
methods, was found to be very satisfactory. I'or frog Trichomonas, sodium citrate 
I per cent, sodium chloride 0.5 per cent, Loftler’s dehydrated beef serum 0.5 gram, 
distilled water 100 cc.; for Trichomonas of man and rat, 0.2 per cent, more XaCl 
was used. Growth was very abundant. Subcultures were made every three days 
of the organisms from rat and man. The frog Trichomonas lived three months 
sometimes without being transferred. 
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These experiments, as well as those on free-living protozoa, 
show that oxygen is directK' toxic for protozoa, that it acts on 
them directly and not through any tissues of their hosts. In 
other words, the tissues of the hosts are not stimulated by the 
oxygen to give off products which kill the protozoa. 

8. Free-living Protozoa. 

It seemed highly de>iruble to compare the toxicity of oxygen 
for free-living pr(nr)zoa with that for parasitic or entozoic proto¬ 
zoa; consequently, sexeral genera of flagellates and ciliates were 
selected and were oxygenated in the >ame manner as were the cul¬ 
tures (jf i)arasitic j^roto/oa. 


III. 

Ari'koxiM \Ti: Minimi m Timi iki i> at an Oxyc.en Pressure of 3.5 Atmos- 

I’llLRKS TU Kill- AI-L lM)I\ir>t VI V OF Cl RTAIN FRITE-LIVING PROTOZOA. 


Ciliati-s 

II, r- 1 

1 Fi.iK. n 

1 lours 

j _ 

Ptiriwtofi iutn 

5 

Litf^lcna. 


Chilodon 

A 

lUtcronmui . . 

5G 

I)iophr\% 

(•O 



Iloloslicn 

SG 




'The results of the^u experimmis are gi\en in 'I'able III. The 
fact that Parannvi iuni i> killed in 5 hours, Chilodon in 4, Ilolostica 
in 50, and Piophrys in (>o ^how*- coiu'lusixeK' that oxygen is just 
as toxic for some free-li\ing ciliates as it is for sdine j)anisitic 
ciliates and llagellates. It aiTihilU- e\en more toxic for Para- 
nuniiini and Chilodon than for Friehonionas of frog, rat. and man 
in culture; the former are killed in 5 and 4 hours respectively, 
while it re(iuired 6, 10 .ind I i hours re>pectivel\’ to kill the latter. 
And we ha\e >een that the frog I'riehonionas in culture is killed in 
about half the time retjuired to kill it in the frog, yet it is killed 
much sooner than the ciliates, Opalina and Xyctotherus. It has 
not been ix)ssible to cultiwite Xyctotherus and Opalina from frogs, 
but, reasoning from the time recjuired to kill Trichomonas in vivo 
and in vitro, it would take 10 to 12 hotirs to kill them in culture, 
or more than twice the time required to kill Paramariitm and 
Chilodon, I cannot explain why oxygen is less toxic for Diophrys 
and Ilolostica than for Paramccciuni and Chilodon. Perhaps a 
combined study of the metabolism, habitat, and oxygen toxicity 
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of tliese and many other free-living ciliales will throw light on the 
problem. 

After ha\ ing oxygenated the ciliates, the results with the plant- 
like llagellates Eiiglena and lleteronema are not surprising. Some 
animal-like free-living flagellates would probably yield toxicity 
results quite similar to those obtained with parasitic flagellates. 

SuMMARV AND CONCLUSIONS. 

The toxicity of oxygen at \'arious pressures for four genera of 
termites has been determined. At a pressure of 3.5 atmospheres 
the protozoa are all killed in two genera in 30 minutes, in one in 
35 minutes, and in another in 40 minutes, while the termites 
themselves are not killed until 45 hours. Thus, oxygen is more 
than forty times as toxic for the protozoa as it is for the termites. 
This makes it possible to remove all protozoa from termites very 
easily and without injury to the host. 

The protozoa of two termite genera were not killed at one 
atmosphere of oxygen even in ten days, while in two other genera 
they were killed in one and three days respectively. This gave 
an excellent opportunity to work out what elfect, if any, partial 
pressures of other gases of the air, particularly nitrogen, had on 
oxygen toxicity. All four genera when confined in live atmos¬ 
pheres of air (partial O2 pressure of 5 atms. of air approximates the 
total O2 pressure of i atm. of O2) gave exactly the same result as 
when confined in one atmosphere of oxygen for the same time. 
Thus, the toxicity of oxygen is in no way connected with or af¬ 
fected by the partial pressures of other gases of the air. It is the 
partial pressure of oxygen, and not mere mechanical pressure, 
that matters. 

Cockroaches harbor many kinds of j)rotozoa, all of which were 
remo\ed by oxygenation at 3.5 atmospheres in 30 hours; the 
flagellates, Lophonionas and PolyuiastiXy were killed in 40 minutes, 
and the ciliates, Xyctotheriis and Bahuitidiu})!, in 3^ hours. The 
cockroaches themselves were not killed until 90 hours. Thus, 
oxygen at this pressure is 135 times as toxic for the flagellates and 
26 times as toxic for the ciliates li\ang in cockroaches as it is for 
the insects themselves. 

It is highly |)robable that all insect-inhabiting protozoa may be 
relno^ ed by oxygenation without injury to their hosts. If so, the 
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role which insects play in the transmission of protozoa from man 
to man, from animal to animal, from animal to man and from 
plant to plant can be worked out much more elTectively. What 
effect, if any, oxygenation would ha^•e on other insect-transmitted 
organisms, bodies, inclusions, and agents would be well worth 
study. 

Earthworms when oxygenated lose their ciliates and are un¬ 
injured by the process. 

Frogs harl)or many protozoa. More than 150 experiments 
ha\'e been carried (Hit on the ox\’genation of frogs, and all the 
intestinal protozoa ma\‘ be remo\ed without injury to the frogs, 
'fable 11 shows the minimum lime reciuired to kill three llagellales, 
llexantitus, Polymastix and TrichouwyHis, and two ciliates, 0 [yaliu(i 
and Nyctothcrus. 'fhe ciliates are killed in less than i»ne-half the 
time recjuired to kill the frogs, and the llagellales in one-tilth to 
one-tenth the lime. 

'I'he |)rotozoa of two water breathing \erlebrales, goldfish and 
salamanders, were all killed by oxygenation in less than one liflh 
the time retjuired to kill their hosts. 

If oxygenation will remo\e the protozoa of other amphibia, it 
will be j)osslble to nnike some interesting studies on protozoal host 
speciticilN’. 

It is high!}' probable that all inte^liihil llagellales and ciliiiles 
may be remo\ ed from all iin ertebrates and from all cold-blooded 
\'ertel)rates by oxygenation and that none of these hosts will be 
injured. It is also possible that the sporo/oa, amoebre, and 
blood-inhabiting protozoa may be remoxed from the same hosts 
in the same way and without injury to the liosls. 

Manx' experiments hax e been carrietl out i)n I'richouionas from 
frog, rat and man in culture. All of these protozoa are killed by 
oxygenation (see table I for the minimum time), but the lime 
required to kill them in all except the frog is longer than it takes 
to kill the host itself at the same i^resstire; so it is impossible to 
remoxe the protozoa from rats and human beings by confining 
them in oxygen at 3.5 atmospheres. Ferhai)s oxygen may be 
successfully administered to warm-blooded xertebraies in some 
other xvay. Work of this nature is in progress. 

Oxygenation experiments have been carried out on four genera 
of free-living ciliates and txvo of free-living llagellates. ^ OxygJn 
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i-s certJinK ju>l as toxic for some free-living ciliales as it is for 
parasitic ciliates; for others, it is not. For Paramarium and 
Chilodou, it i> really more toxic: for Diophrys and Ilolostica, it is 
considerabh' less toxic. It is not \’ery toxic for two plant-like 
flagellates. Euglena and Ileterouemci, but would probably be found 
to be just as toxic for some animal-like free-li^'ing flagellates as 
for some j')arasilic species. 

(l\\'gen in exccssi\'e amounts is toxic for all animals, but proto¬ 
zoa p(jssibly take up a correspondingly larger amount of it as 
the tension or pressure is increased than do higher animals and 
for this reason are affected more ad\'ersely than termites, cock¬ 
roaches, earthworms and frogs. During oxygenation the proto¬ 
plasm of the protozoa sometimes becomes very much x acuolated,^ 
which may indicate that it is being consumed, perhaps actually 
burned up, by increased metabolism. However, the metabolism 
of higher \ertebrates is said to be slowed down by increased 
oxygen pressure. J^ut Amberson, Mayerson, and Scott (’24) 
were “able to show that the metabolic rate in some of the higher 
marine inxertebrates, with well developed respiratory mecha¬ 
nisms, is closely dependent upon the oxygen tension in the water 
ox er a wide range.” 
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